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Abstract.

This thesis examined the effects of system configura-

tion and transmitted waveform as applied to an airborne

bistatic radar. The study concentrates on the limiting

effects of the transmitted signal parameters, the signal to

clutter ratio, and the doppler spread of the receiver beam.

The analysis was performed by constructing a computer

model to graphically display the results of the applicable

equations. The equations developed in this study ares The

power limited region equation, the isorange equation, the

isodoppler equation, and the signal to clutter ratio. These

equations and those of ellipsoidal geometry were used to

develop the bistatic radar model.

'i
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AIRBORNE BISTAT.LC RADAR

LIMITATIONS AXD SAMPLE CALCULATIONS

I. Introduction to Bistatic Radar

Airborne Bistatic Radar

An Airborne Bistatic Radar System is an electro-magneti-

detection device, composed of separate transmitter and

receiver platformn, used to find range and velocity charac-

teristics of objects by measuring time of flight and doppler

shift of the transmitted signal. The receiver is always

mounted on an airborne platform.

p Ass umpt ions

A basic assumption of this thesis requires that the

transmitter and receiver are synchronized in some fashion.

Further, it is assumed that the receiver processor has the

ability to detect the signal and do whatever processing is

required. These assumptions were set by the Tactical Sur-

veillance Division, Rome Air Development Center, Griffiss
AFB, NY. This thesis concentrates on the li iting effects

of the transmitted signal parameters, the signal to clutter

ratio, and the doppler spread of the receiver beam. The

signal detection and estimation problem as well as the syn-

chronization problem are under investigation by others.

Ile-



The Problem

The airborne receiver platform motion is not constrained

to any velocity or motion with respect to a transmitter.

Therefore, the received signal is subject to the inherent

characteristics resulting from bodies with independent

motion; in particular, the doppler shift of any signal which

would travel between the transmitter and the receiver, or

between the transmitter, a target and the receiver platform.

This thesis outlines the characteristics of a signal which

limit the surveillance area of the receiver platform. A com-

puter model has been developed to incorporate the concepts

outlined in this study. The model (see Appendix A) provides

an analysis tocl for bistatic radar development.

Developments in the radar field have moved rapidly for-

ward with the marriage of the digital computer to the radar

detection arena. The terminology in a bistatic radar system

is built upon a traditional base. However, new terminology

must be introduced to explain the change in the problem and

system configuration. The terminology, limitations and major

components of the bistatic system are outlined in chapter II.

The configuration of the platforms and characteristics of

the transmitted waveform are discussed as well as some advan-

tages of a bistatic system. A list of current research is

also provided.

Analysis of the Problem

Thie det1 inin g p a- r-a'me-t e-r-s-&iand~~t~ T

chapter III. In particular, the range, geometry and system

2



7.4 performance equations are developed to demonstrate the sys-

tem configuration as well as the ability of the system to

perform.

Limiting Regions. The limiting regions of the bistatic

radar are defined by two equations. The power and the iso-

range equations are developed to explain the viewing area of

_ a bistatic radar and its unique blind zone. For example,

there is a minimum and a maximum range associated with the

isorange equation which is independent of the power equation.

Doppler Effects. The bistatic doppler equation is not

the same as the monostatic radar doppler equation. The

motioe- of 1he three objects (receiver, transmitter, and tar-

get) inust be considered in their relative radial velocities

' with respect to each other. The doppler equation must also

, account for the secondary doppler shift (and relative change

* in wavelength) as the signal travels from the transmitter,

strikes the target, and is reradiated to the receiver plat-

form.

Signal to Clutter Ratio. The signal to clutter power

ratio (SCR) is defined and parameters of interest are

explained. The clutter cell area is defined and its affect

on the SCR is shown. A surface cross section per unit area

is modeled from previous work and incorporated into the model.

Finally the doppler spread of the clutter cell is

developed. The equations for the doppler spread show that

. the bistatic system _is dynamic and dependent upon the motion

and beam shapes of the transmitter receiver pair.

3



Demonstration of the Model

The results of the analysis were put into an inter-

active computer model ,-hich was exercised to demonstrate ,

some of the features outlined in chapters II and III.

Chapter IV contains the results of the simulation. The

waveform limited regions are shown to be dependent upon the

* pulse repetition frequency (prf), the pulse width and the prf

-Imultiple. The effer.ts of these variables are shown in

g:aphjical fc,'r. Doppler contour maps of the system are

shown to explain the effects of the transmitter receiver

target motion. The maps demonstrate the effects of the

relative velocities of the transmitter and receiver on the

ground plane.

Signal to clutter tables and graphs are provided. The

effect of changes in target radar cross section on the SCR

is demonstrated. The doppler spread of the receiver beam is

also shown in graphical form. It is demonstrated by the

graphs that the eifects of the platform motion as well as

"the receiver look angles have predictable results. The

doppler spread is shown to be a well behaved phenomenon.

Finally, a sample air to air senario is provided to show the

"dynamic nature of the system.
4

Findings and Conclusions

A summary of the detection regions and the minimization

or maximization o& the detection regions is provided in

-chapter Va. Several. recommendations - for- follow -n.-ana ly-sis-

are provided.

4



II. Bistatic Radar

Background

The idea of a passive radar excites the imagination of

the Air Force information gathering community. if it vere

possible to build a radar system which used separate trans-

mitter and receiver locations, extra protection would be

S--afforded to the radar receiver because the radar receiver

would not broadcast its presence. Further, the passive

radar receiver would be less vulnerable to classic anti-radar

teclmiic es such as anti-radar missiles or electronic counter

measures. A passive radar system would require the presence

of -ý usable host signal. The host signal would be coopera-

tive if the transmitteý and receiver were working together.
A non-cooperative host would be a transmitter whose broad-

c ast energy were being used without the transmitter's know-

ledge.

Several studies have •een commissioned to explore

methods of realizing a passiie bistatic radar system. For

example, the study of bistatic radar cross sections (5; 6;

8), separate host recei'tL synchronization methods, 1; 3; 4;

10), and a synthetic ape. ture mapping demonstration (1) are

ravailable. XonTech explored the possibility of using a

non-cooperative host acquisition, technique and delineated

the receiver criteria ior using such a separate host

receiver system (4&21).

i,-



Historic Backqround of Radar Systems. The historic

background of radar systems is flecked with use of multi-

static systems. The early systems developed in Germany and

England were bistatic. An array of receive antennas were

placed at known distances from the transmitter antenna. The

radar returns were monitored and useful information was

obtained by triangulation between several receivers. The

use of fence radar systems employ this technique. Some of

the Early Warning nets used this technique (12036-2).

During the Second World War, technological breakthroughs

eliminated the need for separate receiver and transmitter

antenna. As knowledge of radar waves increased, techniques

were developed for Protecting the receiver from the trans-

mitter antenna power during transmission. Techniques used

included the use of recirculators and duplexers. The elimi-

nation of the need for the separate transmitter and receiver

antennas led to the development of the monostatic radar.

These systems were attractive due to the improvement in cal-

culation of range and doppler information. The classical

radar range and doppler equations (11:4) provided useful

range and velocity values. The radars were useful in devel-

oping air control radar systems. As more radar propagation

knowledge was gained, it became feasible to mount a radar on

an airborne platform. The radar was used to provide naviga-

tion and surveillance information (14:6).

Historically, the processing of the radar returns was

done with analog computing devices. The marriage of the

6



dioit .il procs(CSor to the radar family has greatly expanded

radar system capabilities. Thp growing level of sophistica-

tion of the Electronic Counter Measure (ECM) capabilities

has generated a new interest in the Bistatic Radar System.

The Bistatic Radar returns are subject to the same type of

counter measures, but the ECM, for effective bistatic black-

out, would require a system much broader in power and techni-

cal complexity (9:24).

Problem

An important aspect of the bistatic radar problem is

the interpretation of the data which the system delivers.

The bistatic system does not use the classical radar range

equation (12:557). Additionally, the system will perceive

different doppler shift (change in transmitted signal fre-

quency) effects due to the movement between the transmitter,

the target, and the receiver (15:25). The classical model

has a doppler shift which is twice the velocity divided by

the transmitted wave length (2V/L) (14:592). The doppler

shift in bistatic model is due to the combined effects of

the radial velocity between the transmitter and target

divided by the transmitted wavelength (Vo/Lo) and the radial

velocity between the target and receiver divided by the wave-

length of the reflected frequencyi(V1/LN). The system-is

best understood using the concepts of isoranges and isodops.

The isorange curve gives regions of constant range and is the

solution of the bistatic radar range equation for a specific

p 7



."Ct of jnput values. The isodop is a curve of constant

velocity which results from the bistatic doppler equation.

The purpose of this study is to build an analytic com-

puter program model to study the airborne bistatic radar

case. The model will be used to develop isorange and isodop

maps to explore the possible airborne bistatic system con-

figurations (e.g., Air to Air, Air to Ground).

The bistatic radar problem can be solved for many con-

figurations for the transmitter receiver pair. The model

developed in this study is general in scope but is limited

to pulse doppler radar waveforms. The general case is devel-

oped but the specific case study is limited to a High PRF

(25,000 Hz), Multiple PRF (4), S-Band airborne receiver.

The receiver is assumed to be capable of acquiring and proc-

essing the host transmitter waveform. The actual method for

acquiring the signal is not a part of this study. This

study concentrates on limitations imposed by the signal

characteristics.

Definition of Key Terminol oy
The airborne bistatic radar system is composed of sev-

eral components of the classic monostatic radar system.

The configuration of these components, and more specifically,

the roll of these components is the important issue in under-

standing the airborne bistatic case. The signal (waveform)

properties of the host signal transmitting system determine

S..f..the. s•nal requirnd es tec.-Theniqus-ic vguia-
sition of the signal requires techniques which vary

8



depending upon whether or not the system is cooperative or

non-cooperative. For example, a cooperative system would be

in constant contact (e.g., a secure data link) to assure

beam synchronization while a non-cooperative system would

most likely be constantly chasing the source beam in the

"expected" trace region. The b.:.tatic system is sensitive

to the power limitations imposed by the classic radar range

equation. Assuming the receiver acquires the signal, the

signal characteristics have a direct effect on performance

(range).

Maior Components. The major components of the Bistatic

system are the transmitter, target, and receiver. The

bistatic receiver is separate from the transmitter by defini-

tion (151l). The role of each component is important in

quantifying system performance.

The airborne receiver is the key element of the bistatic

system. It is responsible for -acquiring the signals emitted

by the transmitter. The emitted signal is acquired on two

paths: A direct path between the transmitter and receiver

and the bistatic reflected path from the transmitter to the

target to the receiver. The airborne receiver platform is

assumed to be a surveillance - listening - system which flys

a constant elevation orbit in a sanctuary zone a considerable

distance (100-200 Kilometers) from the transmitter.

The transmitter is any radar (airborne or ground based)

which emits a waveform that can be processed the xeceiver ..

The transmitter may be stationary or mobile.

9



The target is any object that reflects the transmitted.

energy and produces a bistatic reflection which is monitored

by the receiver. The target has characteristics-of cross

section and velocity which affect the bistatic radar equa-

tions as a function of the radial distance and radial veloc-

ities.

Signal Properties. The bistatic system is capable of

operating using cooperative and non-cooperative host trans-

mitters. Accordingly, the acquisition and processing of the

signals is a prime consideration. A PRIORI knowledge of the

signals increases the accuracy of the information gleaned

from the output of the receiver. This requires some practi-

cal considerations for system performance characteristics

which are limited by bandwidth and host transmitter pov•er.

There are several methods for signal acquisition proz

posed in the literature. A non-cooperative system requires

the receiver to search the frequency spectrum for a waveform

with the desired characteristics (4:2). The waveform must be

capable of being processed by the receiver hardware. For

example, a pulse doppler processing system may not be able

to process a Continuous Wave Frequency Modulated (CW-FM)

signal. A cooperative system could use flight path synchro-

nization (9) or secure data links to periodically update

the system synchronization (1).

Synchronization of the beam between the transmitter and

-the receiver is important 1.77). The tranqMtteqreamp_

systematically sweeps uut a volume of space. The bistatic

10



signal reflections (returns) available during the sweep are

limited by the beam shape and power density. A cooperative

host-receiver system has the option of a direct data link to

enhance signal synchronization and information. Kno'uledge

of the beam sweep pattern will allow the receiver to search
in the expected return area. A non-cooperative host syst-em
requires the same synchronization. Because the non-coopera-

tive host receiver system is not capable of perfect phase

synchronization, the phase information is not available to

the receiver processor. The loss of phase limits te overall

system performance but the loss of phase information does not

preclude the use of non-cooperative hosts in pulse doppler

radar applications.

A method to avoid the high cost of beam synchronization

is the use of a multiple beam search antenna system (Figure 1).

An array of beams searches the volume of space where the

transmitter is providing illumination (9:39; 14M577). Beam

synchronization is limited to systems where the expected

transmitter sweep pattern can be replicated. For example, a

scanning search radar system has physical limitations in

antenna movement and pointing capabilities. A phased array

which could change vavefront direction at whim without con-

sideration of antenna orientation would be a poor host.

Acquiring the bistatic signal return does not guarantee

any meaningful results from the receiver data processing

system. The bistatic return is subject to multipath and

clutter constraints as well as time of flight versus power
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THAN3MITTER

Figure I Search With Multiple Receiver Antenna Beams

-- considerations. Assumptions about the non-cooperative trans-

mitter vaveform limit the potential host exploitation.

Further, a non-cooperative host which could reconfigure its

4.• waveform parameters is a poor host candidate for the bistatic

receiver. The ability to capture meaningful data is the

prime concern for the ri-iver.

The extraction of information contained in the bistatic

signal return is limited by the transmitter, target and

receiver. The bistatic signal return contains information

in the time domain which is decoded into range information

of the transmitter-target-receiver family. Additionally,

12



the bistatic signal return contains frequency domain infor-

mation which decodes into the relative radial, velocities of

the system components. The frequency domain i;,formation is

limited by the PRF and pulse width.

The transmitter power limits the detection region of the

bistatic system because the receiver is assumed to be com-

pletely passive. Reliance on a host limits the range of the

system under certain conditions. For exampie, Westinghouse

asserts that under certain conditions (Bistatic baseline

separation is less than 1.5 times the nominal Monostatic

target detection range) the loss of coverage area relative

to the Monostatic radar is insignificant (203-124). The

passive nature of the receiver limits the radar range equa-

tion variables controllable by the receiver (e.g., SNR,

front end temnerature K, antenna gain, etc.). These vari-

Sm. ables are usually hardware dependent and not dynamically

adjustable.

The Ovals of Cassini are used to describe the power

limitations of a Bistatic System (12036-41). The Ovals of

Cassini describe the region where the receiver is capable of

detecting useful information. Refer to Figure 5 and accom-

panying text f or a complete development of the Ovals of

Cassini.

"The transmitter beam characteristics affect the system.

"The main beam lobe carries most of the power and is most

capable of detection. The limitations imposed by jamming

of the main lobe will not be as critical due to the bistatic

13



return geometry because the bistat3.c return pattern is not

the same as the monostatic return (9:23). This study Vill

not consider side lobe returns.

Physical Properties of the Transmitted Waveform. Phys-

ical properties of the transmitted waveform are critical in

the analysis of the bistaLic problem. A class of pulse dop-

pler radar waveforms is examined in this study. The class

is limited to a generit waveform which is realizable. The

pulse repetition frequency, the pulse width, and receiver

bandwidth are critical design parameters. Westinghouse

assertst

These factors, as well as legal frequency
allocation requirements, drive radar designs to
operating in one restricted frequency band with an
instantaneous bandwidth only wide enough to provide
the range cell length needed by the system. For
typical long range airspace surveillance radars,
effective pulse widths in the vicinity of 0.5 to 2
microseconds limits the instantaneous bandwidth to
about 0.5 to 2 Ma [2:?-127].

The Pulse Repetition Frequency (PRF) is the frequency

at which the transmitter emits pulses. The PFRF is the

reciprocal of the time between pulses (I/T). The use of

multiple PRFs (110114) increases the range effectiveness of

the radar.

Clutter is any radar return (monostatic, bistatic, or

multistatic) which is not desired. A large signal return

due to background cou)d hide a possible target. Clutter

echos greatly distort the information being processed by

-..- thesystem. One of -the secondary.concerns.of -thebis-atic

radar range and doppler problem is the need to quantify the

14



clutter phenomena of the bistatic system. A clutter thresh-

old is usually established to limit the unwanted signal

returns on a system. The effects of reducing clutter will

have a significant effect on the detection of targets with

small radial velocities.

The doppler shift in a bistatic signal return is not

the same as the monostatic return. The equations are more

difficult because the transmitter and receiver are not

co-located. The bistatic doppler shift is a result of a

shift due to the radial velocity of the target to the trans-

mitter, and a second shift due to the radial velocity of the

target with respect to the receiver.

The solu ions to the bistatic range and doppler equa-

tions result in solution families. These solution families

are more clearly expressed in graphical form using Isorange

and Isodoppler contours. The Isorange contour (Figure 2) is

the family of possible solutions to a radar range return.

Without any prior knowledge of the transmitter/receiver/tar-

get configuration, the isorange contour indicates possible

locations for the target. The isodoppler contours (Figure 3)

are the farily of constant velocity curves (as a result of

doppler shift).

Advantages

Sone advantages of multistatic systems are apparent

vhewn applied to inaformaticxi gathering environments. Advan-
-• ..... tages-/nc46de. .. . . . ... . ......... ...... ..... ....
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1. Undetectable position of the Receiver

2. Accuracy in Ranging

3. Operation of the Receiver in Sanctuary

4. Cost Savings

An airborne bistatic system would offer some surveil-

lance advantages in that the radar receiver would: not broad-

cast its presence. Transmitter detection of the receiver is

a function of the transmitter's power, coupled with the

receiver's distance (two way), the radar cross section (RCS)

* of the receiver. The receiver could be outside the trans-

°* .rmitter's detection region and still be well within the

exploitation region.

Farina and Hanle have demonstrated that a multistatic

ranging system is more accurate provided the target is w.thin

the triangulation perimeter (3:517). The airborne bistatic

radar system could operate in the confines cf a netted sys-

tem but would require multiple receivers to do triangulation

to improve accuracy. In general, the bistatic radar system

will not be as accurate as a monostatic system.

If the radar could operate at great ranges (100-200 KM),

the receiver is operating in a relatively safe zone or sanc-

tuary. The limitations of the distance between the trans-

witter and receiver imposed by power, coupled with the lim-

itations imposed by waveform, describe the safe zone oper-

ating limits.

While the receiver would require more computing

resources, the savings in design costs, by eliminating the

4 17



waveform generator portion of the airborne .system, is an

attractive trade-off option. Additionally, the savings in

receiver platform fuel consumption due to weight elimination

and power generation could be attractive.

Summary of Current Research

The Bistatic Radar Problem is a complex, multifaceted

arena with many potential areas for investigation. Current

issues being studied by the technical community includes

Bistatic Cross Sections, Scintillation Effects, Polarization

Effects of Returns, Synchronization Techniques, and Signal

Acquisition Techniques.

The bistatic radar cross section is not the same as the

-• monostatic radar cross section. The monostatic signal

S•r�eturn is a function of the target distance and cross sec-

tion. The bistatic cross section is generally iarger because

of the larger forward energy reflection (1503). The cross

section returns are dependent upon the type of material and

the type of background. Many technical communities are

working to develop models to analytically predict the returns

due to targets, ground, sea, and terrain. Specific studies

representing key areas of interest includes

1• RCS Prediction of Low Observable Coated, Objects (5)

2. Ground Clutter (13)

"* 3. Chaff (8)

4. Sea/Terrain Scattering Coefficients (4)

18



A Bistatic Synithetic Aperture Radar (SAR) Self Synchro-

nization Technique has been proposed by Westinghouse as a

result of their studies of bistatic radar platforms (1).

The report outlines a synchronization method which could be

used between a receiver and a cooperative host. The concept

of a Bistatic SAR was proposed and demonstrated in the T-Bird

program (Morenno). The T-Bird Program demonstrated the

ability to gather data via a separate airborne transmitter

receiver pair.
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Ill. Development of the Bistatic Model

Defining the Parameters

The bistatic model used in this study assumes the use

of a pulse doppler radar system. The model assumes the

receiver hardware is capable of detecting and analyzing the

radar return. The parameters used in the model are the com-

mon variables affecting any pulse doppler signal processing

system. The model consists of a computer program which uses

the parameters, formulas, and concepts explained in this

chapter (see AppendixA for a complete listing). The com-

puter program assumes the default parameters of the E3A

AWACS Waveform but can be modified interactively. The sys-

temr parameters include:

Pulse Repetition Frequency (PRF)
Number of distinct carrier frequencies used (NPRF)
Pulse Duration (TPULSE)
Carrier Frequency (FO)
Signal to Noise Detection Ratio (SNR)
Transmitter Power (P)
Gain of the Transmitter Antenna (GT)
Gain of the Receive Antenna (GR)
System losses due to physical construction (LOSS)
Receiver Minimum Signal to Noise Detection Ratio (SNR)
Average Target Radar Cross Section (RCS)
Receiver Temperature (T)
Receiver Bandwidth (BW)
Signal to Clutter Power Ratio (SCR)
Doppler Frequency Shift of the Clutter Cell (FSC)
Area of the Clutter Cell (AC)
Density of the Clutter Cell (SO)
Receiver horizon to target depression angle (RSEL)
Transmitter horizon to target depression angle (XSEL)
Receiver baseline to target azimuth angle (RSAZ)
Transmitter baseline to target azimuth angle (XSAZ)
Transmitter Azimuth Beam width (XSAZ)

...... -- Receiver -Azimuth--Beam--width--RSAZ..---- -- --- .. ..
Transmitter Elevation Beam Height (XSEL)
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N Receiver Elevation beam Height (RSEL)
bistatic Angle: Transmitter to Receiver as seen from

target (A-B)
Out Of Plane Azimuthal Angle between beams (PHI)
Receiver Altitude (RALT)
Transmitter Altitude (XALT)

The bistatic airborne system model is developed in the

rectangular coordinate system (x, Y, Z). The Receiver/

Transmitter/Target set have specific physical relationships

(Figure 4). The receiver antenna is the base for all meas-

urements. The receiver antenna is assigned to position

X = 0, Y = 0, Z = RALT (RALT default is 9) because the

receiver is assumed to be airborne at a constant surveillance

elevation. The target can be anywhere in X, Y, Z space.

The direct path between the transmitter and the receiver is

known as the baseline in the bistatic model. Therefore, the

model assumes the transmitter is located at a point along

the X axis (X = SEP) and at an altitude Z = XALT. This

corresponds to position SEP, 0, XALT. Note that all dis-

tances used in this model are in kilometers.

The number of parameters makes the assignment of mean-

ingful variables difficult. The use of some self imposed

rules helps to aid in clarity. The transmitter variables

are prefixed with X and the target variables are prefixed

with T. For example, the transmitter azimuth angle is coded

XAZ while the target azimuth angle is coded TAZ.

The basis for the mathematical development considers a

receiver at reference position 0, 0, RALT (X coordinate,

21
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Figure 4 Bistatic Coordinate System

Y coordinate, Z coordinate); a transmitter at position SEP,

0, XALT; and a target anywhere in XYZ space such that:

-50 < X - 250 kilometers
-125 < Y < 125 kilometers

0 < Z < 30 kilometers

Radar Range Equation. Classical analysis of radar

problems begins with the radar range equation (12:19). The

equation contains the parameters of interest which are

affected by any radar system.

2
4 R4  P GT GR C RCS (3.1)

3 -..... ..02-BW-••2 T



P Power of the Transmitter (Watts)

GT Gain of the Transmitter Antenna

GR Gain of the Receive Antenna

L System Losses Due to Physical Construction

SNR = Receiver Minimum Signal to Noise Ratio Detection

C = Speed of Light (3 X 108 Meters per Second)

K = Boltzmann's Constant (1.38-X I0-23 Joules per

Degree Kelvin)

m =3.1416

RCS = Average Target Radar Gross Section (Square Meters)

T = Receiver Temperature (Degrees Kelvin)

BW = Receiver Bandwidth (Hertz)

FO = Transmitted Frequency (Hertz)

R = Distance from Transmitter/Receiver to Target

(Meters)

Note that the radar range equation can be rewritten:

K P GT C2  RCS GR

4 v TR FO 4 r R2 4 n BW L T SNR

< Transmitter > < Target > < Receiver >

* Note the separation of the parameters into transmitter, tar-

get, and receiver dependent areas. These are the parameters
which are varied to examine the bistatic case.

Bistatic Geometry. The geometry of the bistatic radar

. . .system .is..e.l...ipsoid... The transnmitter and t.he -receiver are.-

the foci of the ellipsoid. The surface of the ellipsoid

23



forms a family of solutions to the isorange equation prob-

lem. The general equation for an ellipsoid (13051) iss

2 22( Xo) + B Yo + Z -Zo (3.2)

In this case, the parameters B and C are equal because

the ellipsoid has no eccentricity. The values of A and B
4

are developed later in the minimum and maximum isorange solu-

tion section.

Recall from Figure 4 that the model requires the

receiver to be positioned at point 0, 0, RALT and the

transmitter to be positioned at some point along the X axis

specified as SEP, 0, XALT. If the transmitter is at the

- same altitude as the receiver (XALT = RALT), equation 3.2

becomes:

2 22
X-SEP/2 ) 2+ Y + ( Z-RALT ) 2 (3.3)

A B B

The detection region of the bistatic system is limited

by the power of the transmitter. The transmitted waveform

must have enough power to travel (Figures 4 and 6) a dis-

tance from the transmitter to the target (Ri) and then a

distance from the target to the receiver (R2) and still

provide a large enough signal to noise power ratio (SNR) to

insure accurate detection. The maximum detection range is

given by a set of curves referred to as the Ovals of Cassini

as shown in Figure 5. Any target inside the oval provides
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•" Figure 5 Ovals of Cassini

at least the minimum signal to noise ratio at' the receiver

antenna. Note that it is possible to have two completely

disjoint regions of detection. The transmitter power affects

the detection region. The solution set to the ovals of

Cassini will yield either two distinct regions, two adjacent

regions, or one region.

The bistatic radar cross section of a target varies

from the monostatic cross section. Investigation into the

error between monostatic and bistatic cross section has shown

that the Bistatic Monostatic Equivalence Theorem is valid

only for small bistatic angles (1503). The model allows for
,¶.0

changing the RCS, but 'Offers --no Monostatic bistatic compari--

so:l.
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The bistatic radar range equation varies from the mono-

static by simple substitution of Eq (3.5) into Eq (3.1).

The power radiated from the transmitter spreads in a-sphere.

The gain of the transmitter antenna accounts for the direc-

tionality of the density. The radiated power .has a specific

density which is a function of the square of. the distance

from the target to the transmitter. At that point, the cross

section of the target reflects some of the power. The

reflected power acts as if the target were an isotropic

radiator. The reflected power spreads in a sphere. The

density of the reflected power is a function of the square

of the distance between the target and the receiver.

- 4 = Ri2 R22 (3.5)

4Ci-serve that the maximum range (R ) is a constant. The

Range constant (R 4) is a product of the squares of the trans-

mitter to terget range (RI) and the target to receiver range

(R2). Therefore, the bistatic radar range equation becomest

2R1 2 PGT GR C2 RCS (3.6)

40)3 FO2 BW L SNR T K

The transmitter and target coordinates and the Pythag-

orean Theorem combine to shows

RI2  (SE -X) 2 ÷y 2  (Z - XALT) 2  (3.7)

92



t' '!ý . ' VM' "-e

Applying the same to the target receiver pairs:

R2 2 =X2 + y2 + (Z -RALT 2  .

Therefore:

R4= [(SEP - X)2 + y2 + (Z - XALT)21

i2~ ÷2 + - 2
EX 2+Y RALT) 2J39

Ability of System to Perform. The Bistatic Radar Iso-

range curves (Figure 6) are calculated by extracting informa-

tion from the radar return signal. The specifit measure-

ments are the Distance (SEP) between the transmitter and the

receiver, the Angle (ON) between the transmitter and the

target as measured from the receiver, and the time difference

(DT, Figure 7) between receiving a direct signal (transmit-

ter to receiver) and the next large return (transmitter to

target to receiver).

The geometry of the airborne bistatic radar system

yields ellipsoidal isorange curves. The key to understand-

ing the equations is to have a consistent frame of reference.

Although the system may consist of three airborne entities

(target, receiver, and transmitter), the coordinate system

is defined by making the receiver the reference point. This

point will be relative in XYZ space by always viewing the

receiver as being at the origin of the X and Y axes and at

.... ... .a.ttujdeZ -RAI2._ KY'_ ,pO.,.RALT). All distances will be

measured with respect to the receiver. The "BASELINE" is

27
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the imaginary line between the receiver and the transmitter.

The baseline lies along the positive X axis. Therefore the

transmitter is always located at some separation distance

and some altitude point (SEP,O,XALT).

The time required for a signal to travel from the trans-

mitter to the target and then to the receiver is DT seconds

longer than the time required to travel directly from the

transmitter to the receiver. The relationship of the trian-

gular distances is:

R1 + R2 = C * DT + SEP (3.10)

This result is a family of solutions (RI + R2) which

traces out an ellipsoid. The point on the surface of the

"i' *$ ellipsoid is a solution of interest. This family of solu-

4. tions is called an isorange. Obviously, a different DT
S.

.4 measurement results from a different isorange curve.

Figure 7 points out several areas of concern. As DT

grovs small, stpardtion of the pulses (T.INN) in the pres-

ence of noise becomes extremely difficult. Even if there

were an absence of noise, separation of the pulses is dif-

ficult as TMIN approaches zero. At some point, the two

pulses will overlap. The receiver is unable to extract any

information from the signal. This occurs when the distance

between the target and receiver grows small (SEP = R2) or

when the bistatic angle (A-B) approaches 180 degrees. The

receiver must be able to detect two separate signals. This



blind area is a disadvaný-aoe of the bistatic model. The

blind zone is treated in more depth in the ISOMIN Develop-

ment Section.

The receiver antenna is assumed to be a directional

scanning antenna. The receiver knows where it is looking atý

all times. Therefore, when a signal is detected, the

bistatic anale (A-B) is known within the limits of the antenna

beam shape. If multiple beams are used, a volume of space

can be scanned with greater resolution. Knowing the bistatic

anale (A-B) gives a specific solution to the isorange family.

The accuracy of solution is directly dependent upon the beam

width of the antenna which in turn limits the abilityv to

separate the target and transmitter returns. Several alter-

nate solutions have been offered for solving this problem

S~ (9: .).

One possible solu-ion comes from basic geometry. This

short derivation is provided to show one possible method

for receiver calculation to target location. Knowing (A-B)

the calculation of R1 and R2 is possible. Therefore, the

target range and direction can be determined. R2 is derived

from the Law of Cosines:

R3 = V SEP 2 + (XALT - RALT) 2

RI2 = R2 2 + R3 2 _ 2 R2 R3 COS (A-B

and because the bistatic relationship to a family of solu-

tions,
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RI + R2 Isorange Constant (K8)

then,

RI K8 - R2

(1K8 -R2) R3 2 + R2 2 - 2 R2 R3 COS (A-B)

K82 -2 K8 R2 + R22 =R32 + R2 - 2 R2 R3 COS (A-B)

Rearranging,

R2 (2 R3 COS (A-B) - 2 K8) R3 2 - K82

and finally,

R2 = (R3 - K8 2) / (2 R3 COS (A-B)

-2 Ks8)
'4

Limiting Regions

The Power Limited Region. Note that the general solu-

tion to Eq (3.9) is greatly simplified by limiting the obser-

vation to a specific set. In the specific case, the para-

4meters SEP, Z, XALT, and R are constants which are depend-

"ent on the transmitter receiver target geometry and hardware.

Equation (3.9) is solved for a specific Y in terms of X by

use of the quadratic formula (13:32). The solution may

* 5,.yield one of the three region shapes shown in Figure 5

-•" depending upon the values assigned to the constants.

Let Cl = (Z - RALT) (3.11)

C2 = (Z - XALT) 2  (3.12)
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Then, from (3.9):

4 2 2 2 2R - [(SEP X) + y + c2][ Ix +y + C (3-.13)

Expanding the terms and rearranging yields.

4 +( 2  2 2 20 y (X + (SEP-X) + C2 +-cl) Y + X

2 2
((SEP-X) + cl)) + Cl [(SEP-X) + C2] - R4 (3.14)

Note that this is in quadratic form:

AY4 + BY2 + C = 0

So:

y2 -B B -4 A C)

(:& 2A

And therefore:

•-..rY = +- * ,Y 2

Where:

A =1

B = 2 + (SEP-X) 2 + C2 + Ca

c = x2 [(SEP-x) 2 + C2] + ci [(SEP-x) 2 + c2 -R4

Let:

c3 = C2 + Cl + SEP 2  (3.15)

C4 -2 SEP
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C5.P CI .-C.4 (317)

2 3:c6X C4 +C3 2 C C (3.20)

Y±-j-B4+E (4-C3./3.1

Bs4ag Forul DeeXmn. It wa sh+ e-Arlier)

ihn asfaminy fof solutions. Thefaml ofslto:cuya

surface of an elisi. +ealE (3.2). Thisequtio

caIesolvned Forml th velrosofmone. variabl (Xow Yeorlier

Fort thismodlutaiplanet tof itherestatis spgeiftied (Zesult)d

Thea fenerlyo solutionset for Yaminltrm of soluios:ocpya

surfce f a elipsid.Reall q (3.) SEhi2) (3.22)o

Then,,

2 2  RAT 2  B (X SEP/2) 2
= B (Z - -AT A(.3

or, considering both roots as solutions:

A Y JB 2- (Z -RALT) 2 - (( A SE/2 (3.24)
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Thsgeneral equation holds only f or an 'alrborne; t.6.

airborne transmitter receiver pair-at the'same a:ititude. "It.

is more realistic to* assum'e that the non-coopor~tiv'

mitter could be at an altitude of' up to:30 ki lometers~

Allowing f or this possibility adds complexity to .the.-equa-

tion but only through a rotation and translation'of the'X

and Z axes.

(P 8, PhE8 LT)T

Y YX COS THETA V SIN THETA + YCo

Z.. V SIN THETA + Z' COS TREAT + Zo

THET

Figure 8 Rotation of the Bistatic Model

The rotation angle is3 THETA = ARCSIN (XALT -RALT)/

SEP. This mak~es the coordinates of the new axis X =RALT

SIN THETA, Y = 0, Z = RALT (1 -COS THETA). The trans-

forming equations (13236) are then:
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X X' (COSTHT -'I 7~THETA ~.

+ RALT' SIN.'~?T ( ~

Z X'SIN THETA + Z'COS THETA

+ RALT (1 -COS THET) (30'26)

Substitution of these transforms into the general equation

yields:

Y B2  (XI SIN THETA + ZICOS THETA + RALT COS THETA)2

-(B/A) 2(X'COS THETA -SIN THETA (Z -RALT)

- SP2) (3.27)

Assigning the following simplifying variables to the con-

stants and dropping the prime notation gives:

c12 B (328
A (3 28

SIN THETA = STHETA (X.ALT - RALT) / SEP (3.29)

COS THETA = CTHETA =COS (AROSIN THETA) (3.30)

C10 = Z COS THETA - RALT COS THETA .(3.31)

C11 = Z SIN THETA - RALT SIN THETA + SEP/2 (3.32)

The equation in terms of X and Y yields,

(X ST4T--ýCO2ý-'-C12 ITX-CTfETA -c-~
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the thetran
ec0Vta age ?frm ti ar ti a oantabl

a hlong t5 15). Therefore, a sta.tig.poit....
must be fOund atsome practical .range. ;- logical sta;ting

point is the edge of the "Isorange-Blind Zone!".

The blind zone (Figure 9) is the area which results

from the receiver being unable to determine where the pulse

traveling along the direct path between the transmitter and

the receiver stops and the pulse t.raveling along a reflected-

path starts. This blind zone will be a function of the pulse

duration (TPULSE). The minimum blind zone isorange is twice

the pulse duration times the speed of light, plus the separa-

tion distance between the transmitter and receiver.

R3 JSEP 2+ (XALT-RALT) 2(.4

ISOMIN (2 * TPULSE * C) + R3 (3.35)

Beyond the bl'nd zone the isoranges need to be incre-

mented at some regular interval up to some limiting factor.

The model limit is 300 Kilometers. Often the Pulse Repeti-

tion Frequency (PRF) will dictate a maximum isorange.

Maximum Isorange (ISOMAX). The PRF limitation occurs

when the transmitted PRF becomes so high that the bistatic-

ally. eflected _pulse is not received until, during or after

a second pulse is received on the direct path. At a low PRF,
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Figure 9 Isorange Detection Region'

the direct pulse is received followed som~e time later by the

target reflected pulse. However, when the PRF becomes suf-

ficiently high, the time of reception of the bistatic pulse

can be delayed long enough so that it overlaps the next

direct pulse. The overlap begins to occur when the leading

edge of the second transmitted pulse arrives before the

* trailing edge of the first bistatically reflected pulse (4s9)1

RI + R2 + TPULSE C > (C / PRF) + R3 (3.36)

4' This leads to the exclusion region (Figure 9) of the ellipse

defined byt
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Ri + R2 (C / PRF) + R3 - TPULSE C (3.3.7)

But, if multiple PRFs (NPRF) are used by the transmitter,

the exclusion region can extend beyond these bounds (12:114).

The maximum isorange (ISOMAX = Ri + R2) is therefore

extended to:

ISOMAX = (NPRF * C / PRF) + R3 - TPULSE C (3.38)

Incrementing the Isoranges. It is often necessary to

draw several isorange curves between the minimum (ISOMIN)

and the maximum (ISOMAX) isorange curves. Choosing 10

Kilometers as an interval, the first isorange is needed such

that ISOMIN < ISO(I) < ISOMAX.

Letting,

Q = INT [ ISOMIN / 10 ]; Greatest Integer (3.39)

ISO(I) =1 * 1Q*0 (3.40

I is the incremented from 1 to some number (K) such that

ISO(I) does not exceed ISOMAX or 300 Kilometers (limit of

the model). For each ISO(I), a unique solution set for the

equation is determined. From the properties of the ellipsoid

-,. (13:38):

A = iSO(I)/2 (3.41)
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and because

- (3 424

B *1A2  (SEP/2). (3.43)

For example, to determine A and B for ISOMI ISOMA, the

term A simplifies to:

A =(NPRF *c/ PRF + R3 -TPULSE C) /2 (3.44).-

Likewise, B reduces to:

B 4 [[(NPRF *C /PPF) -TPULSE C3 * (NPRF *C /PRF)

+ (2*R3) -TPUISE C]]/2 (3.45)

Note that in most applications, TPULSE << 1/PRF. This

simplification holds for most systems as the prf is reduced

to extend the system visibility. The zones are then sepa-

rated by ellipses whose characteristics A*B reduce tot

A = ((NPRF * C / PRF) + R3) / 2 (3.46)

and,

B 4 C[NPRF *c/ PRF] * (NPRF C c/ppp) C(2 *SEP)]] / 2

(3.47)
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Development of the Bistatic Doppler E-uat 'QflnM"de
The doppler shift of a si'gnal o h mootai

f p r ,,,..he., M t A-

tern is a function- of-ýthe frequency .o6f transmis•i~p • .z:d:,,. ,

velocities of the transmitter, target, and receiver. The

velocity of the target is always measured radially from the,

transmitter to the target. The radial velocity causes a

positive (target and receiver are closing), negative (target

and receiver are separating) or zero (target and receiver

remain at a constant distance) shift in frequency.

The classical doppler model is based on a single frame,

of reference (transmitter and receiver are co-located). The

doppler shift of a transmitted wave propagating through space

from the transmitter, striking an object (the target), and

being returned to the receiver is twice the radial velocity

of the target divided by the transmitted wave length. The

shift in the frequency between the transmitted signal and

the returned signal is the doppler shift (12t69). Analytic-

ally:

FD 2 V /L (3.48)

Wheres

FD = Doppler Shift (Hertz)

V = Radial Velocity Between Two Objects (Meters per

Second)

L Wave Length of the Transmitted Frequency (Meters)

The frequency, wave length, and speed of light relationship
- " .2: •9-)--is i-............... ......

I%
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i7,

CLFO (3.49)

Therefore .'_...... :: .....

FD- 2 V FO /C (3.50)

The bistatic doppler model is not as easily derived.

This results because the transmitter and the receiver are

not located at the same point in space. In fact, it is con-

ceivable to imagine the transmitter receiver pair separated

by large distances (several hundred kilometers). The net

doppler shift of the transmitted frequency (FF) is a func-

tion of the radial velocity of the transmitter with respect

to the target and a second doppler shift due to the radial

4 4velocity of the target with respect to the receiver.

The transmitter will broadcast a signal at a given

Frequency (FO). The target will reflect the signal at some

doppler shifted frequency due to the radial velocity of the

transmitter target pair (FDI). The reflected signal can be

modeled as if it were an isotropically radiated signal at

some new frequency (FN = FO + FD1). The signal will be

acquired at the receiver at some second doppler shifted fre-

quency (FF) which is a function of the radial velocity of

the target/receiver pair (Vi).

FD = VI / L (3.51)

V1 FO / C (3.52)
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In the model, the transmitter and target velocities are

specified as a vector with magnitude and direction. The

velocities are user specified as a magnitude (VTVX),

some angle of azimuth heading (TAZXAZ) and some angle

depicting rate of climb (TEL,XEL). The azimuth direction

is always referenced to the baseline which is the direct

path between the transmitter and receiver. The receiver is

assumed to be flying a constant elevation surveillance orbit.

The transmitter will also have a zero angle for TEL (but is

not model limited). The transmitter, whether ground based

or airborne, is assumed to be very limited in maneuverability

due to the physical characteristics (construction) of the

antenna. An obvious exception would be a Phased Array Radar

which will not be considered he.,e.

The radial velocities of the transmitter/target (target/

receiver) pair are comp•ited for any XY,Z point using vec-

tors. The radial velocity is the vector dot product. The

velocity vector is dotted into the unit vector separating

the two objects.

V=A • B

The velocity vectors V1, V2 are decomposed into X,Y,Z

components for ease of operation.

VXZ = VX Sin XEL ; Z component of Transmitter (3.53)

VXY\ = VX Cos XEL Sin XAZ ;Ycomponentof' ransmntter n..

(3.541

42

rLzA



VXX = VX Cos XEL Cos XAZ X x component of Transmitter

(3.55)

VTZ = VT Sin TEL ; Z component of Target (3.56)

VTY VT Cos TEL Sin TAZ ; Y component of Target

(3.57)

VTX VT Cos TEL Cos TAZ ; X component of Target

(3.58)

The general form of the dot product (16:635) is:

A , B = a! bl + a2 b2 + a3 b3 (3.59)

The vector from the receiver tu the general point XYZ is:

A = X i * Y + + (Z-RALT) k (3.60)

The vector from general point XYZ to the transmitter is:

B - (SEP-X) i - Y j + (XALT-Z) k (3.61)

both vectors A and B must be normalized. The normaliza-

tion is required as only the unit position vector is required.

Theref ores

2 2
Let Al X' + Y + (Z-RALT) (3.62)

* and

•.1

Le, BA (SEP-X)- * (XYAT-Z (3.63)

43

S.



Recal! that the vector between two points has direction

as well as magnitude. Because the vector from X, Y, Z to

SEP, 0, XALT is the negative of the vector from SEP, 0, XALT

to X, Y, Z, a factor of -1 must be included in the trans-

mitter component to insure the doppler shift is negative

when separating arid positive when closing. The radial veloc-

ity of transmitter with respect to the target due to the

velocity of the transmitter alone is then:

V VIR = [(X - SEP) VXX + Y VXY + (Z - XALT) VXZ] / B1

"(3.64)

Thp radial velocity of the transmitter with respect to

S,.. the target due to the velocity of the target alone is then:

VLR = [(SEP - X) VTX - Y VTY + (XALT-Z) VTZ]j / B1

(3.65)

The total radial velocity due to the transmitter target

A oair is:

VTOT = VIR 4 V2R (3.66)

The doppler shift is a function of the frequency and wave

,eng tht

V L F) (3.67)

FD~ I VTOT /L""a
i •:,."or, by coiibibino and simplification,

4
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FDI =(SEP-X) (VTX -VXX) + Y (VXY -VTY)

+ (XALT-Z) (vTZ - VXZ) ]/(B1 L) (3.68)

At this point the new radiated frequency is the transmitted

frequency plus the doppler shift. The new frequency is:

FN = FO + FDI (3.69)

And of course, this new frequency has a new wave length:

LN = C / FN (3.70)

The radial velocity of the target w'ith respect to the

receiver due to the velocity of the target (model assumes

receiver is zero reference) is then:

v2R = [VTX X + VTY Y + VTZ (Z-RALT)] / Al (3.71)

Usinq the same development, the second doppler shift is:

"FD2 -- V2R /LN

= (-1) [VTX X + VTY Y + V'TZ (Z-RALT)] / (Al * LN)

(3.72)
"-.

The net doppler shift ist

= [(SEP-X) (X'x - X)xO) + Y (XY - VTY)

"(XALT-Z) (VTZ -VXZ)-) / B L)

- [VTX X + VTY Y + VTZ (Z-RALT) /(Al LN) (3.73)

9.
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This is the general form of the solution space. A map

of the isodoppler contours is desired. An array (TABLE) is

set up to hold the general solution set for the region of

interest. A plane of interest is examined by specifying

the Z plane (altitude) desired. For example, if the plane

of interest is the doppler contours of the ground plane

(Z = 0), the array is scanned for contour information and

a table of values is generated. A contour map (isodoppler

lines) is constructed by a hand drawing the contour lines

on the map. The doppler value equations are nonlinear and

do not yield to a simple plotting routine.

* Clutter

Clutter Parameters. Clutter is the unwanted radar

echo from an object or background (12:470). Clutter is

usually the radar return from a ground cell, insects, birds,

or possibly a storm cell. The clutter power is often larger

than any possible target power signal. This occurs because

the radar cross section of a clutter cell is much larger
up.

'p1 than that of a probable target. The radar designer is con-

cerned with the characteristics of the unwanted signal

because techniques are available to enhance the detection

of targets if the clutter can be removed. Clutter signal

properties can be predicted. Therefore, the designer builds

* "-filters" to modify the signal returns in order to find prob-

able targets. The largest clutter return comes from ground

reflections.

4%4 
6
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The properties of inter Žst are the Signal to Clutter

Power Ratio (SCR), the doppler frequency shift .(.FSC) of the

clutter cell, the area (cAP) of the clutter ce6l and the

density (SO) of the clutter cell. Monostatic and bistatic

radar are affected by these parameters. However, the cal-

culation and modeling of the system parameters for the

bistatic model changes significantly. For example, the

bistatic transmitter and receiver beams may have different

shapes. Even if the beam shapes were the same, the area

illuminated by transmitter would not be the same as the area

scanned by the receiver (Figure 10).

4 TRANSMITTER (SFPOXTLT)
RECEIVER (2, O, XLT)

PS'

.4.

* REFERNCE PIANE

"Figure 10 Geometry of the Clutter Cell

*!.•] • Signal to Clutter Ptto. Signal power is -radiated from..

,. t~ t .n .... tter te the tarcer, and then to the receiver.
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The target will reflect an amount of power proportional to

its radar cross section. The reflected power has an inten-

sity and doppler shift. The clutter cell behind the target

also reflects energy. The signal power (in terms already

defined) is:

s P GR GT RCS C2 (374)
S(41-)3 R12 2 FO2

The clutter power has the same equation with slight modifica-

tion. The surface clutter cross section is defined ass

RCS = SO AC (3.75)

Where:

SO = Surface Cross Section per Unit Area

AC = Radar Cross Sectional Area of Illumination

The bistatic case modifies AC to mean the common area

between the transmitter beam and the receiver beam. Figure

"10 illustrates the common area for several possible cells.

The Surface Cross Section is determined from a model which

results from experimental data (15a20-23). SO varies depend-

ing upon the composition of the surface. For example, sea

and forest clutter have different values. Several bistatic

models have been developed to explore the SO phenomenon.

References (5) and (15) catalogue many models and much of

the research in this area.
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The clutter power ist . .- ....

. .P GR GT AC SO C

(41y) Ri 2 R2 2 F02

Dividing Eq (3.78) by Eq (3.80), the Signal to Clutter Rat1o0- -

'.4" is$

RCS
SCR = -(377)

SO AC

Clutter Cell Area. The clutter area is dependent"

upon the beam shapes and the processing equipment. The

clutter cell is either beam width limited, resolution time

limited, or doppler frequency limited (15:12). This model

uses the Resolution time limited cell area developed by

Weiner and Kaplan (15:16). The bistatic models for clutter

assume the flat earth model. The clutter cell area for low

grazing angle conditions (RSEL < 30 degrees) isfdefined as:

C RI XSAZ SEC 2 ( A - B )

2 BW 2 ;XSAZ<RSAZR2/RI<2RAD

or: (3.78)

2R2 RSAZ•SE.C (A A B)
AC= 2BW 2 S RSAZ < XSAZ RI/R2 << 2 !RAD

Where:

RSEL = Receiver Horizorn to Target Depression Angle

(Degrees)

XSAZ Transmitter Azimuth Beam Width (Radians)
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RSAZ Receiver Azimuth Beam Width (Radians)

A-B = Angle [Transmitter to; Receiver,'as5 -fn ffom

Target] (Radians)

Using the Law of Cosines and trigonometric identities, it

can be shown that the term:

SEC 2 (A- B) 4R1 R2

2 2 R1 R2 + R12 + R22 -SEP-2 (RAtT -XALT)2

(3.79)

Therefore, AC can be estimated in terms of system positidn.

It is assumed that the transmitter beam width (XSAZ) is

known or at least a good estimate can be made.

, Surface Cross Section Per Unit Area. Figure 11

shows an estimate of the Surface Cross Section Density Model

(13:21). The graph values (for 3G Hz only) have been modeled

by the second order equation:

SO = . (X-90) 3.21111 -32 ; 90 < X < 270
• ,'. ( 3 .8 0 )

or:

SO= (90-X) 10.000 -32 0 < X < 90

; 270 < X < 360

"W 50
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* 0 sean Clutter vsA•lziNuth. Anyle

a -10

-20

' -25

1''

V' -30 ""

•. -35:'

e -40

0 25 50 75 100 12S 150 .175

qAzimuth Angle
Figure 11 Mean Clutter Cross Section Per Unit Area

Weiner has shown that this general model can be extrapolated

to other grazing angles by the addition of a correction termn

(13t20) to the value obtained from the graph. The correc-

tion term ist

COR PHI ADJ (3.81)

R, 180

A, Wheres

ADJ -8 dB ; (XSEL + RSEL)/2 < 1.5 (3.82)

or:

ADJ =9.5 Log,, ((XSEL + RSEL)/2) -9.5 ;(XSEL + RSEL)/2 > 1.5

51
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Where: .

PHI = Out of Plane Azimuthal Angle Between. -Beams

XSEL Transmitter Depression Angle

RSEL Receiver Depression Angle,

Doppler Spread of Clutter Cell* 'The clutter cell power

is concentrated in the frequency domain about• the cell dop-

pler shift (Figure 12). By estimating the width of the

clutter cell frequency shift, the receiver can dynamically

"filter" the returned signal. The ground clutter cell dop-

pler frequency shift varies as the geometry of the common

beam area changes. The equations in the Clutter section are

used to calculate the doppler shift of any specific point.

A method for estimating the difference in the maximum and

minimum doppler shifts of any clutter cell is required.

$ ~PRF

"4I

DIRECT SIGNAL DOPLEX SHIFT

IN BEAN CLUTTER DOPPLER SPIEAD

F8+ FREQUENCV DOMAIN

r -urL.-1-2 -- Cauttey-rver-Th-the-Prquency--Domaini

A, 52



The model assumes the use of scanning and illumination

beams with width (degrees in azimuth) and height •(degrees in

elevation). The parameters XWAZ, XWEL,RWAZ, and RWEL

define the transmitter and receiver beam.widths and heights

respectively. A simple method for determining the doppler

spread is to estimate the spread based on the beam vidths.

This is done by calculating four points for each beam. These

-- points are approximately on the 3dB contour of the beam

(Figure 13). A distance measure is made to each of the

eight points. The four smallest distance measures dictate

the four points used to estimate the doppler frequency,

spread. This is done by calculating the doppler shift. to

", the four points using Eq (3.77). The minimum value is Sub-

,•:-: tracted from the maximum value to obtain the estimate of

the frequency shift. This method is used in Subroutine

DOPSD, Appendix A.

!t ! Ut Ut /

Isorange

celk

Isorn~e 112.Cell

Figure 13 Geometry of Common Beam Area
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Summary 5Z

The equations developed in this chapter are used in the.
nBistatic Radar Computerchapter ,the imits

of the model were defined. These limits included the X, Y, Z

region of interest as well as the transmitter, receiver, and

target parameters. These equations are the foundations upon .'

which the computer model was built. The computer model

allows the operator to change the values of the system from

the default values. Figure 14 shows a sample menu. Based

on the values entered by the operator, a plot is generated

(Figure 15). This plot shows the isorange and power limita-

tion contours.

CURRENIT UALUES ARE DEFINED ASS
* TARGET, TRANSMITTER RECEIVER

I VELOCITY 600.00 6 UELOCITY * 1200.00 1i TEflP . 300.00

a AZ ANGLE 7"-90.00 7AZ ANGLE * 61.00 19 WNR , 6.SO

3 El. ANGLE - "0.0 8 EL ANGLE ; 0.00
4 ROS - -1.76 9 -. iPOUER 0.Oe1 20 LOSS 6.0

5 Z PLANE -* .0.00 .10 ALTITUDE 4 .9,00 21 SEP a ZN.90

11 'GAIN 40.00 22 GAIN - 40.00

12 CRIR* 3.00 23 BLI a 1.00

13 RBEAMI UD I.S0 24 REAM VD • 1.54

4I _'EkT 602 BEAM #T- SAO

16 -PULbE UIe - .. ,00"'1? SPRF o 3
.ENTER OPTION NUMBER I-M2 TOANE VALUE
OR P?TO CONTINUE
OR SB TO ABORT. , . , .

*. Figure 14 Computer Model Menu
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Figure 15 Bistatic Coverage and Exclusion Regions
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IV. Enisin the Model1

Introduction

This chapter outlines a generic form of the bistatic

radar model and demonstrates the effects of changing the A

parameters of interest. The interactive software provides

many of the parameters which may be changed by the user when

exercising the model. This chapter demonstrates the effects

of transmitter and receiver hardware (power, waveform, etc.),

, p._ . plat-form motion, and platform orientation on the bistatic

detection regions, the doppler effects, the signal to clutter

ratio and the doppler spread of the received signal. Finally,

a typical scenario is illustrated. For all cases used in

this section a generic bistatic set is assumed and changes

are shown relative to the generic set. The generic model

has parameters as shown in the sample computer menu (Figure

16). The parameter units and range of acceptable values are

displayed when changing any of the 26 parameters.

Limiting Regions

The Power Limited Region. The detection rZion which

is limited by the transmitter and receiver hardvare is

*" described by the Ovals of Cassini. Figure 17 showz the

- bistatic detection region for the ground plane (Z - 0).

Decreasing transsmitter power causes a collapse of the ovals

* as demonstrated in Figure 18. Finally, Figure 19 shows the

'*. 56
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LD(YVALUES Ott WCINE: &So

vI LO~C Iy - 6001e -# 6 *^ ~ 3411.00 It ¶ENp . 301.61
Q2a ANtCL - *.#a -? A: ;,I.GC - t." so ssp - 6. st

3 EL AWL[ - 0.*09 1 EL *NG.C - C."
4 POs - 1.7S 9 POE & 0.61" at LCSS - 6.59

5 PLAK~ 0.00 It AL-IUDE - S.f 2:. SEP * 019
ii Gals - 4#.0Of 22 GAIN 0 46.80

12 CARA:c1 0 3.06 23 ft *

13 IDEAP UD - 1.60 24 It"A N * :.56
1.4 REAM~ W * 6.06 85 2EA1M w- & 6.03

is T pe . 56 2ss 6 OLT & 9W00
4~15 P..L5( UD - 5.09

dENER OPT30~' 1RUMSER EI-8063 TO C.'aKGE VALUE
OF 27 10 COTlhjE

Figure 16 Bistatic Model Parameter Menu (Generic set)
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Figure 19 Detection Region (Power = 0.0090 Megawatts)
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The shape of the detection region changes as a function

of the platform separation distance (SEP). Figures 20 and

21 display the change in the detection region as the separa-

A tion reqion between the tranqmitt-pr ;nr rl ' 4 ¶rr A=r '=ces.

- _ __... . .. ... IPOWER LIMITEDI REGION

-p5

.', -150 ,-,-,,,L

-50- 150 200 2S

r±gure zu uctecion xegion tbeparation 19U KM)

IS, "%- -., =

I •tOVT.R L1iM•rED REGION,-.

F u 21 -.t R

- 9
* - I

Figure 21 Detectioni Region (Separ'ation 160 KM)



Changing any of the parameters which effect the range

constant (R4 ) yields similar results. Recall from Eq (3.5)

(3.6) and (3.9) that the range constant is a function of the

transmitter and receiver hardware as well as the target

location and cross section. The model takes into considera-

tion varying receiver and transmitter altitudes. Altitude

changes affect the geometry of the model by tilting the

ovals and ellipsoids producing an asymmetric figure. An

example of an airborne to ground pair is shown in Figure 22.

- "•The detection region varys but is not quite as dramatic as

the change in the waveform limited characteristic regions

defined by the isorange curves.

POWER LIMITEE REGIO1

i ,, .•......... .- • .. ... . \ • ,

-e, 50 100 150e ee a5e
,. Figure 22 Airborne Receiver to Ground Transmitter

Waveform Limited Reglions.

Evaluation of th__e Blin___d Zone (ISOMIN). The blind

4' zone is the region• between-the-transmitter and receivei,

0V . ...

''SO
s o to IO 2 5

"•"[• " "-".' "..•-,"v` •v Figure•.•`•• v• 22 ` Air orn Recei•```••`` ;;ver to Gr un Transmitter •. ." .v, -.. .'.



defined by an ellipsoid, where the receiver cannot detect

any target. Recall from the ISOIIN Development Section

Eq (3.38) that the blind zone is defined by the isorange

curve (ISOMIN)

ISOMIN m 2*TPULSE*C+SEP

The ISOMIN curves shown in Figures 16 thru 22 are for

pulse widths of 5 microseconds. It is easily demonstrated

that a longer pulse significantly increases the width of

the blind zone. Figures 17 and 23 demonstrate the effect of

increasing the pulse width from 5as to 30us.
S150 .. ........ f •-P H ON........ ....

ell

-4 10 1. .
rL,

IT S01 - -------- ---

I I I v Tm.T -

"• "- s e se e I S P O O 2 5 0

Figure 23 Detection Region for Pulse Width 30 Microseconds

The width of the blind zone ellipsoid can be shown to bet

WIDTH = SORT (ISOMIN 2 - R3 2 ) (4.1)

6A
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Table I lists the IS:,',INs for a constant separaton.

of 200 KM.

TABLE I

Comparison of Pulse Width,
Isomin and Ellipsoid Width

Pulse Width ISOMIN Ellipsoid Width
(microseconds) (kilometers) (kilometers)

.1 200.06 4.6

1.0 200.60 15.5

5.0 203.00 34.8

10.0 206.00 49.4

15.0 209.00 60.6

20.0 212.00 70.3

25.0 215.00 79.9

30.0 218.00 86.8

When the data is put into graphical form, it is easy to

recognize that a small pulse width is desirable to minimize

the blind zone.

Evaluation of the Maximum Rance (ISOMAX). The

maximum visibility of the bistatic system was shown to be a

function of the pulse repetition frequency (PRF), the number

of distinct pulse repetion frequencies (NPRF), and the pulse

width (TPULSE). Examination of Eq (3.44) yields the follow-

ing observations: increasing the pulse width will lower the

maximum range (compare Figure 17 to Figure 23); increasing

the prf decreases the viewing area (Figure 17 versus Figure

25); decreasing the prf increases the maximum viewing area

(Figure 26 versus Figure 17); and increasing the number of

62



Wfecds of Pulse WWIdt

£ i e

i 980
an 88 '

28
S ' 6860

58e 48

30 SEPARATION: 200 X

to

Pulse Duration (Microseconk)

Figure 24 Effects of Pulse Width on Blind Zone

prf multiples increases the maximum range (Figure 27 shows a

multiple of 7 as compared to Figure 28 which shows the effects

of a single prf).

Doppler Maps. The relative motions of the transmitter,

receiver, and target dictate the doppler shift at any given

point in X, Y, Z space. A good way to demonstrate this is

to view a plane of interest and see the doppler contours on

that plane. For example, assume the ground plane is the

plane of interest. The doppler shift of any X, Y point

_ (Z-. 0). is a function of the velocity of the ground plane

47ý ,with respect to the transmitter and receiver platforms.
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Figure 25 Minimum and Maximum Isoranges
i (Increased PRFt 30000 HZ)
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Figure 26 Minimum and MaximumIsoranes
(Decreased PRF: 20000 HZ)
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The doppler map developed by the model is a grid of

numbers representing the doppler shift at that particular

X, Y point. Because the doppler shift is well behaved, a

contour can be drawn by connecting interpolated points on

the map. Figure 29 shows the doppler contours for a receiver

headed to the left at 600 KPH and a transmitter headed to

the right at 600 KPH. The relative separation is 1200 KPH.

Figure 30 shows the contours for receiver and transmitter

headed left at 600 KPH and remaining a constant distance

apart. Figure 31 shows the same pair closing with equal

velocity. Figure 32 shows the transmitter receiver pair

flying orthogonal (90 degrees with respect to each other).

Note the skewing of the doppler contours.

-1000 - 2000 - 2000 100

' 4

- 50 100 ISO 200 25o

Figure 29 Doppler for Transmitter and Receiver•Separating. .-
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Figure 30 Doppler for Transmitter and Receiver
Constant Separation
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Figure 31 Doppler for Transmitter and Recei-ver Closing
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Figure 32 Doppler for Transmitter and Receiver Orthogonal

The transmitter receiver pair will not always fly such

regular patterns, nor will they al-ways have the same veloc-

ity. Figure 33 shows the effects of equal velocities but

arbitrary headings. Figure 34 shows the effects of those

same headings but with different receiver and transmitter

velocities.
i..

For the case of a gro-ýnd transmitter, the velocity of

the transmitter is the same as the ground plane. The trans-

- imitter is at an altitude of 10 met--rs. The doppler shift is

now only a function of the receiver velocity and heading.

Figure 35 shows the doppler map for a receiver separating at

600 KPHI. Figure 36 shows the receiver closing on the trans-

-mitter. Note the change in sign of the contours.
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Figure 37 shows the contours for a re, flying

orthogonal to the transmitter. Figure 38 d itrates the

skewing of the doppler contours when the receiver is at a

heading 45 degrees with respect to the receiver transmitter

baseline.
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• Figure 37 Receiver Orthoqonal to Ground Transmitter
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Figure 38 Receiver 45 Degrees from Ground Transmitter

Sianal to Clutter Calculations

In Chapter III thr Signal to Clutter Ratio (SCR) was

developed. The model parameters were varied to demonstrate

the effectL of changing radar cross section and beam sizes.

Figure 39 shows the signal to clutter ratio for the generic

waveform. The elevation angle is displayed in 5 degree

increments. SCR is shown as a function of azimuth and eleva-

tion. Figure 40 demonstrates the change in the SCR when a

large target is viewed. Table II lists values for the SCR.
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TABLE II

Signal to Clutter Values Generic Waveform

< Azimuth Angle >

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180 El

-37. -35. -33. -30. -23. -42. -55. -42. -23. -30. -33. -35. -37. 5.
-36. -34. -31. -26. -33. -45. -53. -45. -33. -26. -31. -34. -36. 10.

-36. -33. -30. -24. -35. -44. -51. -44. -35. -24. -30. -33. -36. 15.

-36. -33. -29. -23. -35. -44. -50. -44. -35. -23. -29. -33. -36. 20.

-36. -33. -29. -22. -35. -43. -50. -43. -35. -22. -29. -33. -36. 25.

-36. -33. -28. -22. -35. -43. -49. -43. -35. -22. -28. -33. -36. 30.

-36. -32. -28. -21. -34. -42. -48. -42. -34. -21. -28. -32. -36. 35.

The use of a ground transmitter changes the SCR slightly.

Figure 41 shows the SCR for a small target, ground transmit-

Ster combination. Figure 42 shows the SCR for a large tar-

get. Table III lists the values for th. generic waveform

"and a ground transmitter.

-30-
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Sct t

[,' ~Figure 41 •CR: Ci o•.d T,_-.•..smtte, Small Targe~t
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Figure 42 SCR: Ground Transmitter, Target RCS =100 Sq. M.

- TABLE III

SCR Values Generic Waveform, Ground Transmitter

< Azimith Angle >

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180 El
-37. -35. -33. -30. -23. -42. -55. -42. -23. -30. -33. -35. -37. 5.
"-36. -34. -31. -26. -33. -45. -53. -45. -33. -26. -31. -34. -36. 10.
-.
-36. -33. -30. -24. -35. -44. -51. -44. -35. -24. -30. -33. -36. 15.
-36. -33. -29. -23. -35. -44. -50. -44. -35. -23. -29. -33. -36. 20.
-36. -33. -29. -22. -35. -43. -50. -43. -35. -22. -29. -33. -36. 25.
-36. -33. -28. -22. -35. -43. -49. -43. -35. -22. -28. -33. -36. 30.i•! -36. -32. -28. -21. -34. -42. -48. -42. -34. -21. -28. -32. -36. 35.

'V°

Doppler Spread of the Clutter Cell

"The doppler spread of the clutter cell is a function of
the beam ]shape and the platform velocities. T.{e clutter cel . .

doppler spread for a separating receiver transmitter pair
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is shown in Figure 43. The doppler spread is shown for

elevation look angles of 5, 10, 15, 20, 25, 30, and 35

degrees. Note that the greater the depression angle, the

less the doppler spread.

DOPPLER SPREAD OF BEAM (AZIMUTH ANGLE VS ELEVATION ANGLE)
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S~Figure 43 Doppler Spread Generic, Separating

Figure 44 shows the doppler spread for a synchronous

"'K flight pair where the transmitter and receiver are at a con-

stant separation distance. Figure 45 shows the doppler

spread for a transmitter receiver pair closing.

.4-,
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The doppler spread varies with the flight path orienta-

tion. If the transmitter and receiver are flying orthogonal,

the doppler spread skews as shown in Figure 46. Figure 47

shows the doppler spread for a transmitter receiver pair

flying arbitrary headings of 53 degrees and 315 degrees

respectively. Figure 48 shows the doppler spread for trans-

mitter and receiver having the arbitrary headings and dif-

ferent velocities.

DOPPLER SPREAD OF BEAN (AZIMUTH ANiGLE VS ELEVATIOh ANGLE)
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DOPPLER SPREAD OF BEAM (AZIMUTH ANGLE VS ELEVATION ANGLE)
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The doppler spread for a ground transmitter to airborne

receiver is dependent upon the beam shapes of both platforms

but only the velocity and heading of the receiver. There-

fore, the doppler spread of the air to ground system is

better behaved. Figure 49 shows the doppler spread for a

closing receiver while Figure 50 shows the doppler spread for

a separating pair. Note that a closing and separating sys-

I tem have the same spread. It should be realized that the

II doppler spread is the same but the doppler shift of the clut-

ter cell is not at the same place in the frequency spectrum.

If the receiver flys orthogonal to the transmitter, the dop-

pler spread of the beam shifts as shown in Figure 51.

tIPPLER SPREi•L OF BEAM (AZItMUTH ANGLE VS ELEVATION ANGLE)
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The air to ground .<stern doppler spread shifts with

respect to the heading of the receiver. Figure 52 shows the

shift for a heading of 315 degrees with respect to the trans-

mitter receiver baseline •.hile Figure 53 shows the doppler

shift for a heading of 243 degrees.

iF.PPLE Z-P4,[,[ OF" BEAI tAZIIUTH WiýLE US ELEUATION ANGLE)
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Figure 52 Doppler Spread, Air to Ground,
315 Degree Heading
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"" o The doppler spread of the beam is best understood by

Scomparing the several relative velocities. Table IV gives

values for several bistatic doppler shifts. Because the

shift can be either positive or negative, the potential tar-

•. get could be 'ilosing or receding within the clutter spread.

• C Obviously, minimizing the spread of the beam improves the

• .• visibility of slow moving targets. Table IV values are for

,t•:•! •a 3 Gigahert.z carrier.
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TABLE. IV

Doppler Shift Versus Velocity

Doppler Kilometers Mi1ls Nautical Miles
Frequency Pei: Hour Per Hour Per Hour
Shift (Hz)

2000 720 446 389
1500 540 335 292

1000 360 223 194
500 180 112 97
269 97 60 52

Sample Scenario

Suppose that the doppler spread and the bistatic detec-

tion regions for a possible surveiliance scenario are of

interest. Assume two similar radar platform headed in

-. opposite directions, passing side by side separated by 175

kilometers when orthogonal as shown in Figure 54.

S~Figure 54 Possible Air to Air Scen~ario
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Figure 55 is a composite of three bistatic detection

region graphs to show the area of coverage from the time the

base line is 200 Kilometers until the platforms are at right

angles separated by 175 Kilometers. As the platforms sep-.

arate, a mirror image (with respect to the graph base line)

of the detection region is traced out. The time between

j curve one and curve two is 261 seconds. The time between

curve two and curve three is 30 seconds. Note changes in

both areas which are visible and blind to the receiver.

-0.9

.... .....

-~~~~~~~~~~~~ ... ..--t- I- --- -..... T----I ~ -~- -

0ý IU =0

Figure 55 change in Bistatic Detection Regions

Ju~ as the detection reg;ions chanap, the doppler

cprer t~ he :cuttej, ccii chjar-,oes. Fiqu.-e 56 shows the

clutter cell dioppier spread-for initial -aqis!Lion at 4200



kilometers. Figure 57 shows the change in --he doppler spread

as the transmitter receiver pair approach their minimum

separation, while Figure 58 shows the doppler spread during

the moment vheii the pair are orthogonal.- Figure 59 shows the

doppler spread as the transmitter and receiver platforms

separate. Note in particular the doppler shift for the var-

ious angles of bedin elevation and the shift in the mragni-

tude of the beam spread.

DOPPLER SPREAD OF REAM (AZIMuTH ANGLE VS EIEVATIUt' ANCLE)
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DOPPLEte SPREAD OF BEA1 (AZIMUJTH ANGLE VS ELEVATION ANGLE)
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Figure 59 Doppler Spread, Receding

1 (Separation = 200 KM)

The sample scenario shows the shift in the detection

regions and the shift in the doppler spread of the clutter

cell. A passive receiver must be capable of dynamically

adjusting parameters in order to maximize the possible infor-

mation available at its antenna.
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V. Summary, Conclusions and Recommendations

Summary

The bistatic radar problem is composed of many varia-

bles. The model developed demonstrates the need for under-

standing the effects of these variables on the detection

regions. The model demonstrates the ability to predict the

signal to clutter ratios and doppler effect for particular

beam shapes and system configurations. The system and its

viewing area is more complex and limited when compared to a

monostatic radar system. The bistatic system is faced with

"a blind zone which is controlled by the waveform parameters.

Chapter IV examples demonstrated the effects of varying the

parameters such as pulse duration and pulse repetition fre-

quency. Varying other system parameters such as the antenna

gain and beam shape have similar effects on the Ovals of

Cassini.

"K The figures of merit for clutter and doppler spread of

the beam are predictable, and therefore usable in real time

processing. The doppler spread and SCR functions are well

* behaved and will allow a surveillance receiver to continually

update thrv waveform pr~cessing portion of the receiver. Con-

tinuous updates would allow for improved performance and

sub-clutter visibility by having a dynamically varying clut-

ter notch filtel.

The means for exploiting a bistatic radar system are

apparent. iSy .'stem. is most 'uc:he a'ona the

89



transmitter receiver baselirie. The blind zone is limited

by waveform and doppler spread. Additionally, the system

needs to be able to have rapid synchronization and acquisi-

tion of the transmitter waveform. Changing the waveform

will disrupt the receiver surveillance until the system can

be resynchronized. Any parameter which maximizes the viewing

area of the receiver platform is a prime candidate for change

if the transmitter wishes to deny or decrease the viewing

area of the receiver. Specifically, increasing the pulse

width or the prf and decreasing the prf multiple will cause

a drastic change in the receivers viewing area. In fact,

these changes could effectively blind the receiver.

: :-,: Conclu: ions

Choice of a good host receiver pair waveform is essen-

"1 tial in maximizing the bistatic viewing area. For example,

it was shown in Chapter IV that a low prf, multiple prf,

short pulse duration waveform ptovides much greater vieving

"area. Examination of the equations of interest lead to the

conclusion that to maximize the viewing area, the system

must strive to maximizet power, gain of the antennas and

.,". the bistatic radar cross section of the target. The system

should also minivizet the receiver bandwidth, the transsmitted

wave length (maximize transmitter- frequency), system losses,

and receiver front end temperature.

"The choice of maximizing or minimizing a particular
parameter mas} not be within the capability of the receiver

90V



if the transmitter is non-cooperative. Likewise, the

receiver can do nothing to change the radar cross section

of a target. The practical step is to maximize those para-

meters which are within the control of the receiver. If the

transmitter and receiver are cooperative, the transmitter

must generate a waveform which is beneficial to the receiver.

If the transmitter is non-cooperative, the receiver should

look to acquire only those waveforms which provide adequate

coverage. In the event of an inadequate transmitter

receiver pair waveform, the receiver would have tz generate

its own waveform and become a monostatic platform, or be

prepared to cancel its surveillance activities.

*4 'E'• •'•Recommend at ion s

"1. The Bistatic Model should be extended to include:

- The Curved Earth Model

de. - Varying Terrain Backgrounds

I- Sky Clutter

- Var-ying Beam Shapes

- Side Lobe Detection Regions

- Side Lobe Clutter

- Doppler Range Gate Limitations on clutter

- Varying Clutter for D'ifferent Frequencies

2. A bistatic radar cross section model should be

included in the model. The cross section model should be a

function of look elevation angle and azimuth angle. The

9.1



radar cross section of such a model would provide more

insight into subclutter visibility of potential targets.

3. Develop the computer code for mapping of the dop-

pler contours.
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Appendix As Fortran Program Listing

C BISTATIC RADAR PRGGRAM
C

I DIMENSION TABLE(300,250),SPD(10,37),BASE(302),ALT!%252),
C BASEI(38),ALT2(38),II(30),I2(63),I3(62),Xyy(37),,YY(37)

C THE DATA statements set up the plotlO labels

data I1/9,9,9,9,66,73,831i,84, 65,64,,73967,o9,E8,69,84,691,
C67, 84, 73, 79, 76, 9,82, 69, 71,73,79, 78,83/
data 12/q9l,9,9,9,9,3,73,71,78,651,76,9,84,79,,9,67,761,85g,

C848i4, 69, 82, 9,82,65, 84, 73,79,9, 40,85, 90,73,77, 85,84,72,
c9,65,78,7l,76,69,9,86,83,9,69,76,69,86,,65,841,73,79,78,
c9, 65, 713,71, 76, 69, 41/
data i3/9,9,9,9,9,68,79,80,80,76,69,82,9,83,80,82,69,651,

c6B, 9,79,70,9,66,89,65,77,9, 40,65,90,73ý,77,85,84,72,
c9,65, 78,71,76,69,9,88,,83,9,69,76,69,86,65,,64,773,79,78,
c9,65,78,71,76,69,41/
P IEA'L ISOR, ISOMIN, ISOIIAX,LA, LN, LOSS

3 INTEGER NFPRF,PRF

c Initialize the free variables to default values

*6 GR='.C,
7 SNR=6.5
a RCS-1.75

*9 BW-1
10 LOSS-6.5
15 TEMP*2300

"5XWAZ-1.5
so RWAZ-1.5

* 31 RWEL-6
32 XWEL-6
33 FO'3
34 Z=O

4315 VX=600
R36 XAZ-0

Z7 XEL=0

39 TAZ-0
40 TEL=0
41 TPULSE-5



42 PRF=25000
43 NPRF-3
44 XALT=9

RALT=9
45 SEP=200
46 C=3E5
C

C dummy4 is a parameter that the user sets to allow the program
C to set itself up for graphics or Crt mode
c dummy4 = 1 sends plotlO codes to the tektronix terminal
c
50 PRINT*,'ENTER 1 IF YOU ARE ON A GRAPHIC TERMINAL, ANY OTHER

C NUMBER FOR A CRT'
52 READ*SDUMMY4

call welcom (dummy4)
if (dummy4.eq.1) then

,.* *S$$$*S*ssS**S*s$szss*SSSs$•$sssssSSSS$s$$$$$$$$$$$s
C set up for plotlO graphs

•---,rC $$S•Sg*S*****$$*$$*g* $SSSS*Z***$$$$$*$$$$$$$$$$$$$$$ *$$$$$

53 ALT(252)=125
ALT (2) =-125
BASE (I) =301
ALT(1)=251

"A ALT2 (I)= =37
"BASE 1( 1) =37
DO 54 I=2,38
BASE1 (I) =-2004I*10

54 CONTINUE
"DO 55 1-=2.302

BASE(I)-1-52
"55 CONT I NUE
v 56 DO 57 1=3,251

ALT(I)=-0
57 CONT I NLUE

end if

C
C The user selects the option for the program to execute

C

60 PRINTS,'DO YOU WANT: I ISORANGES'
61 printS,' 2 DOPPLER IAP"
63 PRINTS,- 3 SIGNAL TO CLUTTER CALCJLATIONS'

printS,' 4 DOPPLER SPIREAD OF EF"'
64 READS,DUMMY3
65 IF (DUtMY3.GT.4) THEN
70 CALL ERROR
73 GO TO 64
75 ELSE IF (DUMMY3.LT.1) THEN
80 CALL ERROR

S682 6O TO 64
85 END If

C4



210 0 i (dummy4.eq.1) then
call wipe

end if

C
C The program prints out the current parameter.values befor any
C execution. This allows the operator to change any value or
C set of values.
C

I • C
- 201 PRINT*,'CURRENT VALUES ARE DEFINED AS:"

202 PRINT*,' TARGET TRANSMITTER
C RECEIVER'

206 PRINT 1110,VT,VX,TEMP
210 PRINT 1112,TAZ,XAZSNR
214 PRINT 1114,TELXEL
216 PRINT 1116,RCS,PLOSS
220 PRINT 1120,Z,XALT,SEP
230 PRINT 1130,GT,GR
240 PRINT 1140,FOBW
245 PRINT 1150,XWAZ,RWAZ
"247 PRINT 1118,XWEL,RWEL

S249 PRINT 1119,PRF,RALT
PRINT 1121,TPULSE

25-?PR I NT 1122,NPRF
S" 50 PRINT*,'ENTER OPTION NUMBER EI-263 TO CHANGE VALUE'
260 PRINTS. 'OR 27 TO CONTINUE'

-. 270 PRINT$,'OR 21 TO ASORTI

"* C
C Dummy directs the program to an execute mode, a ctiange parameter
C mode or a quit mode
C

4",- C Ill¢$$*$SIIIISSlll$1111¢llli$$SRSi$llt*ll¢$lllllllllllll

- ,00 READ$. DUM1MY
310 IF (DUMMY .EQ. 2B) THEN
"320 6O TO 7777

4 330 ELSE IF (DLIMN .EQ. 27)T. E
340 GO TO 595
350 ELSE IF (DUMMY .GT. 26) THEN

355 CALL ERROR
360 60 TO 250

. 370 EL3E IF (DUMMY .LT. 1) THEN
3X80 CALL ERROR
"390 GO TO 250
40 0 END IF

44 C

c subroutine call to change parameters

500 CALL CHANGE (DL3MMY,VT, TAI, TEL,VX, (AZ, XEL, TPULSE,PRF,NWRF,
* cF0,SEPZ,XAL.T,P,GTGI, SNR,RCS,eWLOSSTEtP,RWELRWAZ,

,?
* XLWCo4,T



c recycle to print out of cuurent value table
c

505 60 TO 200
C TEST DUMMY3 TO FIND PROGRAM TO RUN
595 IF (DUMMY4.Eq.1) THEN

CALL INITT(1200)
CALL BINITT
and if

c $$$$$$$s$s$$$s$1S.ssssssZ$$ss~sss$$$$$$$$$$s$$$$$$$$$ss

C
C vector to program selection based on dumay3

4 -C
C S~C $$*s$$$s**$$*s$*$s$$$$s$$$$s$$€$$$$$$$$$$$$$$$$$$$$$s*

597 go to (600,640,744,744) Dummy3
* L

C subroutine call to calculation power equation limitation
C value, R4

S&O60 CALL RANGE (P, GT,GR,SNR,RCS,FO, LOSS,BW, TEIIP,R4)
C
Sc subroutine call to determine the time domain limitations

C of the minimum and maximum isoranges

"$• 610 CALL MINMAX(TPULSE,C,SEP,NPRF,PRF,ISOMIN,lISOMAX,I,XALTtRALT)

C
C if not on a 40XX, print values for isomin and isomax on screen
c
611 if(dummy4.ne.1) then

print 1160,isomax
print 1161, isomin
go to V90

end if

Sc if on a 40XX, draw the power equation liaitatit~n regions
c ( the Owals of Cassini)
" 612 call check (basealt)

call dsplay(base,alt)
call hlabel(30 il)

615 CALL POWER (Z, XALTtSEPR4,BASERALT)
C
c subroutine call to draw the Isorange elliptiods
C
620 CALL ISO$ (ISOtIN,ISOMAX,ISP, Z.XALT,BASE,RALT)
c

C a check to see if all the intermediate ellipsiods are drawn
c 14 not, the program will recycle through the isor routine
Cc Lýtll the mini&um, maximus. and intermediate ellipses have
c been drawn

31 &7 IF l.i•E..i THEN

4



430 SO TO 620
635 END IF
636 go to 990
640 IF (DUMiMY4. EQ. 1)THEN

call wipe
END IF

C
c subroutine call to calculate the doppler values for the region
c defined in the model.
c

645 CALL DOPMAP(VXXEL,XAZ,VT,TELTAZFOC,SEPXALT,
CZ,TABLERALT)

C
c a subroutine call t o print the doppler values for the plane of
c interest, if a graphical plot package is added at a later date,
c it should be added here.
c
646 CALL DOPPLT (TABLE)

"4 647 60 TO 990
C
C THE SCR ROUTINE. This routine calculates the SCR for seven look
c down angles (5,10,15,20,25,30,35). The scr is a function of the
C Azimuthal scan angle as well.
C

744 RCSDB=1O*LOGIO(RCS)
IF(Z.GE.RALT) THEN

PRINTS,' MODEL HAS NO CAPABILIIY TO FIGURE -SKY- CLUTTER-
"f GO TO 990

"END IF
DO 900 I-I,7

745 RSEL-I95
TABLE (, 38) -RSEL

750 DO 800 J'-,37
. 755 RSAZ- (J- 1) S 10- 18O

"lyy(J) INT(RSAZ)
C
C The subroutine call to calculate the doppler spread of the
C common beam area.

* C
775 CALL DOPSD (SEP, 2, XALT, RSAZ, RSEL, RMAZ, RMEL, XWAZ, XWEL,

"C VXVTF0 C,DOPSR,XSELXRAZPHIJGU, XEL.XAZTAZTEL.PHI.RALT)
""SPO( I ,,3) ,DGPSR

R C
C subroutine call to calculate the per unit density o4 the
C common beam area
C
780 CALL DENT PHI,PHIEQU,DEN)

"" C subroutine call to calculate the common beamre -*

* 785 CALL AR•-C ( iEP, 7, PSEL. REAZ, P.W, XWAZ, RWC-•", C, AiMP, RJ T, tAL T)
79(j TAPLE(I,J)=RCSDb-DEN-ACDB



8oo CONTINUE
900 CONTINUE
C
C This section sets up the plotlO call for drawing the SCR graph
c
901 IF (DUMMY4.Eq.1) THEN

if (dummy3.eq.3) then
DO 902 1=1,37

ALT2(I+1)=table(1, I)
902 CONTINUE

CALL CHECK (BASE1, ALT2)
CALL DSPLAY(BASEl,ALT2)
call hlabel(63,i2)
do 904 j=2,7

do 903 i-1,37
alt2(I+I)=TABLE(J, i)

903 continue
call cplot(basel,alt2)
n=int (j/2)
call line(n)

904 continue
go to 990
end if

DO 905 I=1,37
ALT2(I+1)=spd(1,I)

905 CONTINUE
call hlabel (62, i3)
CALL LINE(34)
CALL CHECK (BASE I,ALT2)
CALL DSPLAY (BASE1,ALT2)
DO 907 1=2,7

DO 906 3=1,37
ALT2(J+1)=spd(IJ)

906 CONTINUE
CALL CPLOT (VASE1,ALT2)

907 CONIINUe
oo to 990

end a f
* C

Z If not or, a 40xx, the program will Print a table of SCR
C ".values and doppler values on the CRT screen.

910 PRINT, (' SIGNAL TO CLUTTER RATIO AND DOPPLER
C SPREAD')
PPINT 1162, 'Iyy(I),i=1,37,3)

915 DO 955 I=1,7
* 920 PRINT 1000, (TABLE(IJ),J=1,37,3),TABLE(I,38)
* -925 PRINT 1001, (SPD(IJ)tJ=1,37,3)

.955 . .T.NUE. ....

990 if (dummy4.eq.1) then
* call tinput(y)

call finitt(0,700)

-I



end i f
PRINT* "DO YOU WISH TO CHANGE PARAMETERS A94D TRY AGAIN

C (ENTER 1)'
995 READ*,DUMMY
996 IF (DUMMY.EQ.1) THEN
997 60 TO 60
998 END IF
1000 FORMAT(' SCR dB '14F5.0)
1001 FORMAT(' SPREAD ',13F5.0)
1110 FORMAT(' 1 VELOCITY = ',F7.2,' 6 VELOCITY =

CF7.2,' 18 TEMP = 1 F6.2)
1112 FORMAT(' 2 AZ ANGLE = ',F7.2,' 7 AZ ANGLE - "t

CF7.29' 19 SNR - ',F6.2)
1114 FORMAT(' 3 EL ANGLE = ',F7.2,- 8 EL ANGLE -

CF7.2)
1116 FORMAT(' 4 RCS = 1,F7.2,' 9 POWER a

CF7.4,' 20 LOSS = ', F7.2)
1120 FORMAT(' 5 Z PLANE = • F7.2,' 10 ALTITUDE =

CF7.2v' 21 SEP = ',F7.2)
1130 FORMAT(' 11 GAIN =

CF7.2,' 2 GAIN = 'tF7.2)
1140 FORMAT:. 12 CARRIEk =

"CF7.2,' 23 BW = ',F7.2)
"1150 FORMAT(' 13 BEAM WD =

, CF7.2,' 24 BEAM WD = ',F7.2)
1118 FORMAT(' 14 BEAM HT =

CF7.2,' 25 BEAM HT = ',F7.2)
1119 FORMAT(' 15 PRF V

C17,1 26 ALT ',F7.2)
1121 FORMAT(' 16 PULSE WD = 't

CF7.2)
1122 FORMAT(' 17 # PRF = 't

C17)
1160 format(' Maximum Isorange - ",46.2)
1161 format(' Minimum Isorange - ',f6.2)
"1162 format(' Az ",1315,' El ')
7777 PRINTS'THANY YOU AND COME AGAIN'

STOP
END

c
"" c a short routine to send an error amssage to the operator

"c if an out of bounds parameter is spcucifed.
C

I SUBROUTINE ERROR
5 PRINT*,'ERROR IN DATA ENTRY, TRY AGAIN'
10 RETURN
15 END
C

c -a short *mlr-c"a

1 SUBROUTINE WELCOM(dummy4)
PRINT*,'

- c•c -

S* * ~* *.-,*-~ *~.* 5 * : C



AN=
PRINT*,'
PRINTS,' Welcome to the World of Bistatic Radar'
PRINT*,'
PRINTS,'
PRINT$,'The purpose of this program is to assist the study'
PRINT$,'of Bistatic Radar. This program allows for varying"
PRINT$,'parameters to develop isodoppler and isorange maps,'
print*,'as well as Signal to Clutter Ratio values and the ,'
print$,'doppler frequency spread of the clutter cell.'

.k PRINT$,'The maps can be displayed on a Tektronix 40XX graphics'
PRINTS,'terminal and/or generated in hardcopy. The program'
PRINT*,'will ask you to input data. Enter the data required:'
PRINTt,'All listrncs mvoasures are in Kilometers. All angles'
PRINT$,'in Degrees. All Velocities in Kilometers per Second.'

*. PRINTS,'
PRINT$,'The Bistatic Radar system modeled by this system always'

I' PRINTS,'assumes the receiver and transmitter form the baselane.'
"PRINTS,'All angles are measured with reference to the base line'
PRINTS,'
PRINTS,'
PRINT,' / Angle Theta (positive)'

-, PRINT*,', ~PRINT*,'"

PRINT* 'Raceiver Transmitter'
PRINTS,'
PRINT$,'STRIKE ANY NUMBER AND CARRIAGE RETURN KEY TO CONTINUE'
READ $,DUMMY

"I i' (dummy4,eq. ) then
Lall wipe

end i f
PRdINT$,'
PRINTS,'
PRINT$, 'Remember t'
"PRINTS,' I
PRINT$,'The relationnhip of killmeters to nautical miles ist"
PRINTS,'1 Nautiral Mile =1.852 Kilometers'
PRINT$,'The relationship oa kilometers to statute miles is.'
PRINTS," Statute Mile - 1.61:5 Kiloawters"
PRIWrN,'The relationship of meters per sec.ond to nautical miles*

, PRINT*,'per hour ist I NM/Hr- 0.514 M/SEC'
PRINT1,,'The relationship of *eters per second to statute miles"

*-. PRINTS,'per hour is: 1 MI/Hr * 0.448 M/SEC'
PRINTS,'
P 1iRNT$,"

50 RETURN
55 END
C
C THIS SUBROUTINE CALCULATES THE DENSITY OF THE CLUTTER CELL

A SUBROUTINE DENT(PHI,PHIEQU,DEN)

" 4" 5 X-PHI
30 IF (X.GT.90) THEN
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40 ELSE

ýO END IF
15 IF(PHIECU.GT.30) THEN
56 PRINTtv'MODEL ILL DEFINED AT THIS POINT'

CORR-O
57 ELSE IF(PHIEQU.LT.1.5) THEN
58 CORR=(PHI/180)$(-B)
59 ELSE

A ~CORR=(PHI/180)$ (9. 2*LOG310(PHIEQU)-9.2)
END IF
DEN - DEN * CORR

60 RETURN
65 END
C
C THIS SUBRCtJTINE CALCULATES THE Area of the clutter cell
* wehich is Jependent upon the beam geometry and the
c lpok cOcwn and azimuthal angles
C

IA SUBROUTIVE AREA (SEPq ZRSELtRSAZqBW5XWAZvRWAZ$C9 AC.DBRAL-T;XALT)
5 R2, (RALT-Z)/(SIND (RGEL))
10 Y=R2$COSD(RSEI )*SINDCRSA7)

15 X=R2*MQ.ODRSEL)*COSTn(RSAZ)
20 R1=SQRT'((SEP-X)VA2+VS*2.CXALT-Z)**2)
22 rwaz1-rwtaz*0.01745'.Z
23 Ywa-,1=xwnz*0.0174533
25 R3=SQRT( CSEP-X) **2+ (XAL, -RALT) *$2)
30 SEC2LI=4*R1*R2/(2t~i*R2+R2**2+R1#*2-R3$*2)
315 TEST v-R2*RWAZ1/r.1
40 IF(TEST.GE.XWAZI) THEN
45 AC=R1*XWAZ19C*SEC2al/ (2*bW)
50 ELSE
55 AC=R2*RWAZ:tZ*SEC28I/(2tDW:
60 EDT
100 ACDDW10SLOGlO(AC)
105 RETURN
110 END
C Compute The Doppler Spread, ane %_ne TrarAtmitter
C Elevation and Azimuth Angles

A1 S4JSRUT IME DOPSD (SEPZ ,XALT,R$AZ , RS'L, r~AZ, RWEL -, XWZ, XWLA..
CVX.QT.F09CODOPSR,XSE-LKRAZP*4IEQ2UXEL6-XAZTAZs~Lv14ZsRAL!)

2 KENS If UM ATE (6 4)
5 REAL LALN
25 RWEL2-RWEL*0.5
30 RWAZ2-'RWAZ*0.5
35 XWAZ2&AWAZ40.5
40 XWEI 2-XWEt-$O. 5 -- - __

45 TEMPt-(RALT-Z)/TAND(RSEL)
50 X-TEMP*~COSD (RSAZ!
55 V-TEf1FPS1f4D(RSAZ)

p60 TEMP2=SOFCT (Yt21+ (SEP'-X) 3 21



65 XSAZ=ATAND(Y/(SEP-X))
C THE AZIMUTHAL ANGLE IS NOW DETERMINED
66 IF (RS.AZ.GT.180) THEN

SR8AZ-36n-RSAZ
END if

67 PHI-ABS(XSAZ)+ABS (RSAZ)
70 XSEL-ATAND(C(XALT-Z) /TEMP2)
C THE EQUIVALENT ANSLE CAN NOW BE DETERMINED
72 PHIEQU= (RSEL+rlSEL) /2
75 SATE~i, )a.TEMP*CDSD(RSAZ-RWAZ2)
so GATE(2, 1)uTEMP*COSDCRSAZ+RWAZ2)
85 &ATE (391 )(RALT-Z) *COSD(RSAZ) *TAND(RSEL+RWEL2)
90 GATE (4, 1 )=(RALT-Z) *COSD (RSAZ) *TAND(RSEL-RtWEL2)
.95 GATE (1,2)-TEMP$SIND (RSAZ-RWAZ2)
100 GATE (2,2) =TEMP*SIND (RSAZ+RWAZ2)
105 GATE(392)-(RALT-Z)*SIND(R5AZ)$TAND(RSEL+RWEL2)
.410 GATE (4,2)1(RALT-Z) *SIND(RSAZ)*TAND(RSEL-RWEL2)
115 GATE (51,1)=SEP-TEMP2*COMD(XSAZ-XWAZ2)
120 GATE (61,1) =SEP-TEMP2*COSD CXSAZ4XWAZ2)
125 GATE (7, 1).SEP-(XALT-Z)*TAND(XSEL-XWEL2)*COSD(XSAZ)
130 G5ATE (8, 1) ,tSEP- (XALT-Z) $ThND (XSEL+XWEL2) *COSD( XSAZ)
135 GATE(5,2)-TEMP2*SIND(XSAZ-XWAZ2)
140 6ATE (6,2)-TE-MP2*SIND(XSAZ4XWAZ2)

~-*~ 145, GATE(7,2)=(XALT-Z)*TAND(XS3EL-XWEL2)*SIND(XWAZ2)
K. '150 G(4TE(8,2)u(XALT-Z)*TAND(XSEL+XWEL2)*SIND(XWAZ2)

.360 GTE(I,3C=X-GATE(I,1))**2+(Y-GATE(1,2))S*2

165 CONTINUE

c NOW THE PROGRAM LOOKS FOR THE SMALLEST FOUR DISTANCES AND
C PLACES THE COORDINATES IN THE TOP FOUR RUNG3S OF GATE
170, DO 230 N=1#7
1716 L=N
I8W.) JJ-N+1
185 DO 210 I-JJ98

.190 IF (GATE (L.,a;.LT. GATE(1,13)) THEN

200 IEND I F
205 Lm!
210 CONTINUIE
211.5 TacGATE (L , 3)
216 T2mGATE(L*2)
217 T3=GATE(Lv1)
220 GATE(L,3)-GATE(Nv3)

2;lGATE CL, 1)mGATE (N, 1)
227' GATE(L#2)-GATE(Ngl)
225 GATE(N,3)s-T
726 GATE (N,2)-T2

-- 27 .- _-GAE~N Z ~ -.

230 CONTINUE
C NOW FIND THE DOPPLER OF THE FOUR POINTS
7_35 VXZ =(VXSSIND(XEL))/3,600
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240 VXY a (VX*(COSDCXEL))*SIND(XAZ) )/3600
245 VXX w (VX*(C0SD(XEL))$C08D(XAZ))/3O00
250 VTZ = (VT*SIND(TEL))/3600
255 VTY = VT*(COSD(TEL))*SIND(TAZ))/3600
260 VTX a (VT*(COSD(TEL) )*COSD(TAZ) )/3600
265 LA-C/(FO*1E9)
270 DO 295 1-1p4
275 X=GATE(Ig1)
276 Y-GATE(192)
277 AP = SORT(X*X + Y*Y + (Z-RALT)$(Z-RALT))
278 BP -SORT (CSEP-X)*(SEP--X) + Y*Y + (XALT-Z)*(XALT-Z))
279 FDI=(CSEP-X)*(VTX-VXX)+Y*(VXY-VTY).(XALT-Z)*(VTZ-VXZ))
2830 FDim FD1/(BPSLA)
281 LN-C/ (F0* E9+FDI)
282 FD2 --1*(VTX*X + VTY*Y + VTZ*(Z-RALT)) / (APSLN)
290 GATE(1,4)=FDI + FDZ
295 CONTINUE
300 FDMAX=MAX(GATE(10,4),GATEC2,4),GATE(1ýý,4),GATE(4,4))
305 FDMIN=MIN(GATE1,4,pGATE(,4),GATE(3,4,pGATE(4,4))
310 DOPSR=ABS (FDMAX-FDfIIN)
320 RETURN
330 END
C
c This routine prints out a table of values on the screen
c The values are the doppler frequency of the plane of interest.
c A doppler map is construcvted by hand drawing the isodoppler
c contours.
C

I SUBROUTINE DOPPLT(TABLE)
5 DIMENSION TABLE(3000250)tIy(15)
t0 do 30 1-1,11

30 continue
35 Print*,(' idodoppler Information')
40 Print*,('<X axis>< Y axis

C >1
45 Print 100,(IY(0i).,1,11)
50 do 70 1-1p300,5

55 Print 105vii,0(TABLE(I03)#J-1&11)
70 continue
100 format( 411116)
105 format (XS,11F6.0)
110 RETURN
115 END
ccic The routine for interactively changing the variables of interest.
c

.- A1 -SUBROUTINE CHAfIE (DUraj4Y.-, tTAZ, TE.L, VII,XAZ., XEL, TPULSE, PRF.t4ERF.-
cF0,SEPZXALT,P,GT,GR,SNR,RCS,BWLOS-S,TEKP,RWELR&AZ,XWE-L,
CXWAZtRALT)
I NTEGER F'RF,NFRFD



REAL LOSS,•,-1 Ikiit D-INT (DUMMY)

22 GO TO(600,700,800,1600,500,00,200,300,1400,900,1500, 1300,
C 2500,2400,1000,1200,1100,2100,1800,2000,400,1700,1900,2300,
C 2200,2600) D

100 PRINT*,'INPUT TRANSMITTER VELOCITY (0-1200)v
140 READ*,VX
150 IF (VX .LT. 0) THEN
155 CALL ERROR
160 G6 TO 100
170 ELSE IF (VX .GT. 1200) THEN
175 CALL ERROR
177 GO TO 100
180 END IF
190 GO TO 2700
200 PRINT*,'INPUT TRANSMITTER AZIMUTH ANGLE (0-360 DEGREES)'
240 READS XAZ
250 IF (XAZ .LT. 0) THEN
255 CALL ERROR
260 GO TO 200

. 270 ELSE IF (XAZ .GT. 360) THEN
-275 CALL ERROR
277 GO TO 200
280 END IF
290 GO TO 2700
300 PRINT*,'INPUT TRANSMITTER ELEVATION ANGLE (-10 TO +10 DEGREES)'
340 READ',XEL
350 IF (XEL+10 .LT. 0) THEN
355 CALL ERROR
360 GO TO 300
370 ELSE IF (XEL .GT. 10) THEN
375 CALL ERROR
377 GO TO 300
380 END IF
390 GO TO 2700
400 PRINT*,'INPUT TRANSMITTER RECEIVER SEPARATION (10-200 KH1)'
440 READ*,SEP
450 IF (SEP LT. 10 ) THEN
455 CALL ERROR
460 GO TO 400
470 ELSE IF (SEP .GT. 200) THEN
475 CALL ERROR

S477 GO TO 400
480 END IF
W,I' ' 60 rO 2700
.0 PRINT*,'INPUT ALTITUDE PLANE OF INTEREST (0-30 KM)"

540 READS, Z
550 IF (Z .LT. 0 ) THEN

-- 555 . . ALtERROR-....
560 GO TO 500
570 ELSE IF (Q .GT. 30) THEN
575 CALL ERROR
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577 GO TO 500
580 END IF
590 60 TO 2700
600 PRINT*,'INPUT TARGET VELOCITY (0-2500)-
640 READSVT
650 IF (VT .LT. 0) THEN
655 CALL ERROR
660 60 TO 600
670 ELSE IF (VT .GT. 2500) THEN
675 CALL ERROR
677 GO TO 600
680 END IF
695 60 TO 2700
700 PRINTS, INPUT TARGET AZIMUTH ANGLE (0-360 DEGREES)'
740 READ*,TAZ
750 IF (TAZ .LT. 0) THEN
755 CALL ERROR
760 SO TO 700
770 ELSE IF (TAZ .ST. 360) THEN
775 CALL ERROR
777 GO TO 700
7830 END IF
795 60 TO 2700
800 PRINT*$'INPUT TARGET ELEVATION ANGLE (-10 TO +10 DEGREES)'
840 READS,TEL
850 IF (TEL+10 .LT. 0) THEN
855 CALL ERROR
860 GO TO 800
870 ELSE IF (TEL .GT. 10) THEN

i- 875 CALL ERROR
877 GO TO 800
880 END IF
890 60 TO 2700
900 PRINTS, INPUT TRANSMITTER ALTITUDE (0.01-30 KM)-
940 READS XALT
950 IF (XALT .LT. 0.01 ) THEN
955 CALL ERROR
960 GO TO 900
970 ELSE IF (XALT .GT. 30) THEN
975 CALL ERFOR
977 So TO 900

900 END IF
990 60 TO 2700
1000 PRINTS INPUT PULSE REPETITION FREQUENCY (1-50000)'
1040 READS PRF
1050 IF (PRF .LT. 1) THEN
1055 CALL ERROR
1060 GO TO 1000

-... W7--E.L6-E-F--4PRF--•6T.• -50000)-TN•

S1075 CALL ERROR
1077 GO TO 1000
1080 END IF
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1090 GO TO 2700
1100 PRINT$,'INPUT NUMBER OF PRF FREQUIENCYS (1-10)'
1140 READ*,NPRF
1150 IF (NPRF .LT. 1) THEN
1155 CALL ERROR
1160 GO TO 1100
1170 ELSE IF (NPRF .ST. 10) THEN
1175 CALL ERROR
1177 GO TO 1100
1180 END IF
1190 60 TO 2700
1200 PRINT*s'INPUT PULSE WIDTH (0.1 TO 30 MICROSECONDS)'
1240 READ*,TPULSE
1250 IF (TPULSE .LT. 0.1) THEN
1255 CALL ERROR
1260 GO TO 1200
1270 ELSE IF (TPULSE .GT. 30) THEN
1275 CALL ERROR
1277 60 TO 1200
1280 END IF
1290 GO TO 2700
1300 PRINTS,'INPUT CARRIER FREQUENCY (S BAND 2-4 GHZ)'
1340 READtFO
1350 IF (FO .LT. 2) THEN
1355 CALL ERROR
1360 GO TO 1300
1370 ELSE IF (FO GT. 4) THEN
1375 CALL ERROR
1377 GO TO 1300
1380 END IF
"I190 GO TO 2700
1400 PRINT*,'INPUT TRANSMITTER POWER (0.00050-2.0 MEGAWATTS)'
1440 READ*SP

"* 1450 IF (P .LT. 0.00050 ) THEN
"1455 CALL ERROR
1460 60 TO 1400
1470 ELSE IF (P .ST. 2.0) THEN
1475 CALL ERROR
1477 60 TO 1400
1480 END IF
1490 So TO 2700
1500 PRINTS, * INPUT TRANSMITTER GAIN (0-45 dB)'
1540 READSGT
1550 IF (GT .LT. 0 )THEN
1555 CALL ERROR
1560 GO TO 1500
1570 ELSE IF (GT .GT. 45) THEN
1575 CALL ERROR

--4577 .... --- - 5 ...-
1580 END IF
1590 60 TO 2700
1600 PRINT$,'INPUT MINIMUM TAR;GET CROSS SECTION (0.1-100 Sq M)'
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1640 READSRCS
1650 IF (RCS ,LT. 0.1) THEN
1655 CALL ERROR
1660 60 TO 1600
1670 ELSE IF (RCS .GT. 100) THEN
1675 CALL ERROR
1677 GO TO 1600
1680 END IF
1695 60 TO 2700
1700 PRINT*,'INPUT RECEIVER ANTENNA GAIN (0-45 dB)'
1740 READ$,GR
1750 IF (GR .LT. 0) THEN
1755 CALL ERROR
1760 GO TO 1700
1770 ELSE IF (GR .ST. 45) THEN
1775 CALL ERROR
1777 60 TO 1700
1780 END IF
1795 60 TO 2700

S1800 PRINT*,'INPUT RECEIVER MINIMUM DETECTION SNR (1-20 dB)'
1840 READ*,SNR
1850 IF (SNR .LT. 1) THEN

"* 1855 CALL ERROR
1860 60 TO 1800
1870 ELSE IF (SNR ST. 20) THEN
1875 CALL ERROR
1877 GO TO 1800
1880 END IF
1890 GO TO 2700
1900 60INT$,'INPUT RECEIVER BANDWIDTH (0.5-2.0 MEGAHERTZ)'

1940 READS,BW
1950 IF (SW .LT. 0.5 ) THEN

S1955 CALL ERROR
1960 60 TO 1900
1970 ELSE IF (BW .GT. 2.0) THEN
1975 CALL ERROR
1977 GO TO 1900
1980 END IF
1990 6O TO 2700
2000 PRINTSq'INPUT ESTIMATE OF SYSTEM LOSSES (1-25 dB)'
2040 READSo LOSS
2050 IF (LOSS .LT. 1) THEN
2055 CALL ERROR
2060 60 TO 2000
2070 ELSE IF (LOSS .GT. 25) THEN
2075 CALL ERROR
2077 GO TO 2000
2080 END IF

-2090 -60 TO-2M ...
2100 PRINTS, * INPUT RECEIVER FRONTEND TEMPERATURE (290-500

CDEGREES Y)')
2140 READ$,TEMP

47



2150 IF (TEMP .LT. 290) THEN
2155 CALL ERROR
2160 GO TO 2100
2170 ELSE IF (TEMP .ST. 500) THEN
2175 CALL ERROR
2177 6O TO 2100
2180 END IF
2190 GO TO 2700
2200 PRINT$,'INPUT RECEIVER ANTENNA BEAM HEIGHT (1-8 DEG),
2240 READS RWEL
2250 IF (RWEL .LT. 1) THEN
22-5.5 CALL ERROR
2260 60 TO 2200
2270 ELSE IF (RWEL .ST. 8) THEN
2275 CALL ERROR
2277 GC TO 2200

* 2280 END IF
* 2295 GO TO 2700
* 2300 PRINT*,'INPUT RECEIVER ANTENNA BEAM WIDTH (1-5 DEG)*

22340 READS*,RWAZ
2350 IF (RWAZ .LT. 1) THEN
2355 CALL ERROR
2360 GO TO 2300
ýi370 ELSE IF (RWAZ .GT. 5) THEN

% 2375 CALL ERROR
2 77 GO TO 2300

*238'. END IF
2395 GO TO 2700
2400 PRINT*,'INPUT TRANtIITTER ANTENNA BEAM HEIGHT (1,-8 DEG)'
2440 f-AD*,XWEL
2450 IF (XWE. .LT. 1) THEN
2455 CALL ERROR
2460 GO TO 2400
2470 ELSE IF (XWEL .GT. 8) THEN
2475 C4LL ERROR
2477 G0 TO 2400
2480 END IF
2495 GO TO 2700
2500 PRINTS,' INPUT TRANMITTIER ANTENNA BEAN WIDTH (1-5 DE61"
2540 READ*IXWAZ
20550 IF (XWAZ .LT. 1) THEN
2555 CALL EROR
2560 60 TO 2500
2570 ELSE IF (XWAZ .ST. 5) TWN
2575 CALL ERROR
2577 GO TO 2500
2580 END IF
2595 GO TO 2700

.. 2600 PRINT. INPUI_. RECEIVER -ALLITUDE (0.01 - 30 X IOMETE " .
2605 READS, RALT
2610 IF (RALT.LT.O.0O) THEN
2615 CALL ERROR
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2620 GO TO 2600
2625 ELSE IF (RALT.GT.30) THEN
2630 CALL ERROR
263S 60 TO 2600
2640 END IF
2700 RETURN
2210 END
C
c the routine to calculate the range constant for the pomwe
c limiting equation region
C
I SUBROUTINE RANGE(P,6T,6RSNWR,RCSF0,LOSS.BWTEMPRANGE4)
10 REAL C2,LOSSTEMPGTGR6PRCgFOsBWRANGE4
15 C2-(GR+6T-LOSS-SNR)/10
20 C2=10**rC2
25 C3=3.2865E6
30 RANGE4=P$RCSIC2*C3/ (BW$TEIPSFO*FO)
:35 RETURN
40 END

C : -outine to cacluation the doppler frequencies for the plane
c of interest

S C

i SUBROUTINE ~'Dr-MAP(VX,XELsXAZ,VT,TEL,TAZgf'OCSEPXALT,
CZ,TABLE, RALT)

5 DIMENSION TAflLEY"0,250)
10 R~EAL LIA,LN
600 VXZ =VX*SlND(XEL)/Z6QQ0
605 VXY =VX*COSD(XEL)SSIND(XAZ)/S600
610 VXX= VX*CO$D(XEL)$C0SD(XAZ)/416tV
615 VTZ &VT1SIND(TEL)/3k00
620 VTY -VT9COSD(TEL)*SIND(TAZ)/3600
6-25 VTX =VT*COSD(TEL)SCOSD(TAZ)/3600

*630 LA-C/(F0*1E9)
635 DO 710 I-I'1,30005
640 X-1-51
645 DO 705 J-1,11

*6150 Ym-150+j*25
V 655 AP - SORT(XSX + Y*Y +(Z-RALT)S4Z-RALT))

66 BlP w SORT f(SEP-X)$(SELP-X) * YVY * (XALT-Z)IfXALT-Z))
6 74 FDICC(SEP-X)* (VTX-VXX).VS(VXY-VTY).(XALT-Z)*(VXZ-YXZ))
675 FDIwFDl/(B*SLA)
677 LN-C/ (F0*IE9+FD1)
600 FD2 --is (VTX*X + VTYSY + VTZ*(Z-RALT)) /(AP*LN)
700 TABLE(I,J)-FDI FD2
705 CONTINUE
710 CONTINUE
735 RETURN
740 -ENO ~- - - -- - - - - - -- - - - - _

c The routine that calculates the minimum and maxcimum values
c for the isci-ange ellip~se



I SUBROUTINE IIINIAX (TPUSLSEC, SEP, NPRFPRF, ISGIIN, ISOtIAX, I,
C XALTRALT)
5 REAL ISOMINjISONAX
7 integer PRF
8 R - SORT (SEP*SEP + (XALT-RALT) 8*2)
10 ISOMIN-2*TPULSE* 1E-6*C+R3
15 ISOMAX- (NRF*C/PRF) +R3- (TPULSE*1E-b*C)
20 I-XNT( (ISOtIAX-ISOMIXN)/1O)+2
25 RETURN
30 END

C This routine plots th~e ovals of Cassini
C

1 SUBROUTINE POWER QZXALT9 SEP9 R41 BASE9,Ri-T)
5 DIMENSION UPPER(302),DOWNER(302),BASEC3O2)
6 UPPER(1)-301
7 DOWNER(l)-301
it C4-SEP*(-2)

DO 135 1--500250
Xz-1

31 ClzCZ-RALT)*t2
72 C2=(Z-XALT)**2

473 C3=C2+C1+SEP*#2
741 C5-C4*Cl
742 C6uCI*SEPS*2+CI*C2-R4
122 84rnXS*2.C3/2-XSSEP
123 CC-X**4.C4*X**3+C3*X*42+C5*X.C6

B5=94**2-CC
IFCCC.GT.0) THEN

UP~PER(1 I*52) -0
6O TO 130

end if
124 UPP-RCI+5*4)=SQR1(-94e-SQRT(B8i))
130 DOWNER(1+52)--UPPER(1.52)

$4135 CONTINUJE
232 CALL CP'LOT(BASEOUWPER)
233 CALL CPLOT(BASEDOWER)
235 RETURN
240 END
C

c This routine plots the isarange olliptiods and keeps track
c of whether or not the lost r-equired ollipsiod has ben dreawn
C

I SUBROUTINE ISOR(I-SOMIN. ISOMAX,ISEPZXALTBASERALT)
5 DIMtENSION UPPER(302),DOWNER(302A),BA-SE(302)
6 REAL ISOMIN,ISOMAX

*7 LIPPER (1) 301
-- 13 DOW4E 1Ix0
10 SEP2-SEP/2

60 TO(I00.200,300,300.300,300,3(-0,300,300,300,3600300*

C300,3 0o, 300, 300. 300, 300'.3o0, 300ýA, 300, 300, 3w., 300,.300,

120o -



C300 0300 0300 0300 0300300 3w 3) 1
100 CURVE-ISOHIN

60 TO 400
200 CURVEm.ISOMtAX

60 TO 400
300 CIJRVE-IOS(I-2+INT(ISOtIIN/10))
400 1-1-1
20 A-CURVE/2
23 A2=A*A

B2=A2-~SEP2$SEP2
C12-B2/A2124 sTHETAC(XALT-RALT)/SEP

25 CTHETA-COS(ASINCTHETA))
26 Cl C=Z *CTHETA-RALT*CTIETA
27 Cl 1=Z*STHETA-RALTSSTHEtA4SEP/2

* 45 DO 65 J=-500250
46 X'=J
50 Y=(82-(X$STHETA4C1O)812-C12* (X*CTHETA-Cll)**2)

14 (y.l1t. 0) then
upper (j+ 5 2 ) -0
go to 55

end if
upper(j+52)-sqrt(y)

55 downer(j*5")=-upper(j*52)
65 CONTINUE
66 CALL Line(1+2)

=67 CALL CPLOT(BASEOUPPE-R)
* 68 CALL CfLOT(BASE,DOWINER)

70 RETUR~N
1.'75 END
* c

c This routine clears the 4OXX screen when in the 40XX mode.
C

1 S-UBRWTINE WIPE
5 CALL INITT(1200)
10 CALL BINITT
15 CALL FINITT(0,700)
20 RETUR~N

*25 END
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